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Studies of cophylogeny greatly increase understanding of associations between hosts 
and their parasites.  This study uses molecular data to test the hypothesis that members of two 
rodent families (Geomyidae and Heteromyidae) and their associated lice (Geomydoecus and 
Fahrenholzia, respectively) show a statistically significant pattern of cophylogeny.  Both host 
groups are generally solitary organisms and both louse groups are obligate ectoparasites, often 
exhibiting extreme degrees of host specificity.  This intimate and potentially long-term 
association likely has resulted in coevolutionary adaptations and counter adaptations on the 
part of both symbiotic partners. 
Phylogenetic analysis of chewing lice (Geomydoecus) reveals two major clades 
corresponding to the G. coronadoi and G. mexicanus species complexes.  These louse 
complexes are reciprocally monophyletic, and each clade within each complex parasitizes a 
different species of pocket gopher.  Both louse species complexes exhibit a significant pattern 
of cophylogeny when compared to their hosts.  The mitochondrial COI gene of lice of the G. 
coronadoi complex is evolving approximately 2 -3 times faster than the COI gene of their 
hosts, whereas the COI gene of lice of the G. mexicanus complex is evolving at roughly the 
same rate as the same gene of their hosts.  Future analyses are necessary to determine why 
evolutionary rates in these two parasite lineages differ. 
 The phylogenetic analysis of sucking lice (Fahrenholzia) resolves relationships among 
11 of the 12 currently recognized species and identifies several possible cryptic species.  
Although there is conflict among the basal nodes of the host and parasite phylogenies, 
cophylogenetic analysis reveals significant topological congruence between these lice and 
their heteromyid hosts.  The mitochondrial COI gene of Fahrenholzia lice is evolving roughly 
 xiii 
1.6 times faster than the COI gene of their hosts, but additional comparisons of molecular 
rates are necessary to determine if this rate difference is shared by other groups of sucking 
lice and their hosts. 
Results of this study indicate that a combination of tree-based, distance-based, and 
data-based methods should be used in cophylogeny analyses.  The final chapter of this 
dissertation presents a compilation of mammal-louse associations reveals and offers a 
preliminary assessment of sucking louse prevalence and abundance on heteromyid rodents. 
 
1  
CHAPTER 1. INTRODUCTION 
Parasitic organisms elicit negative responses from most people, and parasites are 
frequently believed to be dangerous, disgusting, and biologically primitive creatures.  
Parasites, however, are far from primitive and are actually highly evolved and scientifically 
interesting organisms.  By definition, parasitism is a special case of symbiosis (literally, 
“living together”) wherein one symbiotic partner (the parasite) harms or lives at the expense 
of the other symbiotic partner (the host).  Almost every organism living today is infected with 
at least one parasite species.  The toll parasites take on their hosts can be devastating.  These 
detrimental organisms often wreak havoc on populations of domesticated animals resulting in 
substantial monetary losses.  Parasites also infect several billion humans, causing millions of 
deaths per year (Roberts and Janovy 2000). 
Parasites come in all shapes and sizes, utilizing a diverse array of life cycles and 
feeding strategies to survive.  These highly variable lifestyles are tremendously successful, 
resulting in an enormous number and diversity of parasitic species.  Some parasites, such as 
tapeworms, roundworms, and protozoans, are endoparasites.  These organisms live inside the 
bodies of their hosts, relying on their hosts for food and shelter.  In contrast, ectoparasites 
such as ticks, leeches, and lice live and feed on the external surface of their hosts.  Many 
parasites are obligate parasites, meaning that they cannot survive without spending all or part 
of their life cycle in association with their hosts.  In contrast, facultative parasites do not 
require host associations to complete their life cycle.  Parasites can also be defined as 
permanent (spending their entire life cycle in association with their host) or temporary 
(spending only parts of their life cycle in association with their host).  Parasitic infections can 
vary within and among host populations.  Many members of a host population can be infected 
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(high prevalence) or few hosts can be parasitized (low prevalence).  Furthermore, host 
individuals can be parasitized by large or small numbers of parasites (high and low 
abundance, respectively; Bush et al. 1997).  Prevalence and abundance can vary by year, 
season, host sex, host age, and parasite species.  Some parasites take advantage of the 
multitude of hosts available to them, parasitizing a wide array of host species (low host 
specificity).  Many other parasites, however, are fastidious about their hosts, requiring a 
particular host species to survive (high host specificity). 
Hosts and parasites often are intimately associated through evolutionary time even 
though these organisms may be distantly related and biologically dissimilar.  Each host in a 
population can employ behavioral and physiological defenses to reduce the detrimental effects 
of its parasites and, over time, host populations may evolve new adaptations to resist 
parasitism.  In turn, parasite populations evolve mechanisms to oppose host resistance, and 
host populations respond by evolving new ways to resist parasitism.  This long history of 
reciprocal adaptations can result in an intimately intertwined evolutionary history between a 
host and its parasites. 
Biologists first began noticing these intimate associations between hosts and parasites 
in the late 1800s.  Von Ihering (1891) hypothesized a freshwater connection between South 
America and Australasia based on the similarities and evolutionary ages of crustacean 
parasites he observed in Argentina and New Zealand.  In a later study based on the helminth 
parasites of South American mammals, von Ihering (1902) hypothesized that South and North 
America were not connected until the Pliocene, followed by a mammalian invasion into South 
America from the north.  Von Ihering is considered one of the first researchers to realize that 
biogeography has a strong influence on the relationships between hosts and their parasites and 
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that host-parasite associations could be used as indicators of both phylogeny and 
biogeography (Klassen 1992).  Other parasitologists came to similar conclusions in their 
investigations of other parasitic organisms.  These studies focused on chewing lice in Europe 
and North America (Kellogg 1896; Kellogg and Kuwana 1902; Kellogg 1913a), chewing lice 
in Australia (Harrison 1911, 1914, 1915a, 1915b, 1916, 1922), parasites of vertebrates in 
Australia and South America (Johnston 1912, 1914, 1916; Harrison 1926, 1928, 1929), 
anuran ciliates (Metcalf 1920, 1922, 1923a, 1923b), and trematodes parasitizing fish (Manter 
1940).  Although these pioneering studies differed in focus (e.g., host-parasite associations 
versus biogeography) and disagreed as to the importance of host specificity and mechanisms 
and rates of speciation, all of these papers were similar in their investigation of the ecological 
associations between hosts and parasites and all considered geography to have an important 
influence on those associations.  Metcalf (1929) referred to these types of studies as the “von 
Ihering method.”  Another early parasitologist, H. Fahrenholz, also studied host specificity 
(ecological associations), but he also introduced phylogenetics into his studies of the sucking 
lice of primates (Fahrenholz 1913).  These two approaches, one focusing on biogeography 
and the other on host specificity, led to four evolutionary rules pertaining to host and parasite 
relationships (previously summarized by Brooks 1979, 1985; Brooks and McLennan 1991; 
Klassen 1992; Hoberg et al. 1997): 
1. Fahrenholz’s Rule (Eichler 1941a, 1941b), which states that parasite phylogeny 
 mirrors host phylogeny. 
 2. Szidat’s Rule (Szidat 1956, 1960), which states that the more primitive the host, the 
  more primitive the parasites it harbors. 
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3. Manter’s Rules (Manter 1955, 1966; Inglis 1971), which states that (a) Parasites 
 evolve more slowly than their hosts; (b) the longer the association with a host, 
 the more pronounced the specificity exhibited by the parasite; (c) a host 
 species harbors the largest number of parasite species in the area where it has 
 resided longest, so if the same or two closely related species of host exhibit a 
 disjunct distribution and possess similar faunas, the area in which the hosts 
 occur must have been contiguous in the past. 
4. Eichler’s Rule (Eichler 1941a, 1941b, 1948; Inglis 1971), which states that the more 
 genera of parasites a host harbors, the larger the systematic group to which the 
 host belongs. 
The above four rules describe how hosts and parasites may be associated and offer 
testable hypotheses of host-parasite relationships.  In the early 1900s, however, many 
parasitologists and systematists assumed that these parasitological rules could be used to 
hypothesize host relationships from parasite phylogenies and vice versa (Brooks 1977; Brooks 
and Overstreet 1978; Timm 1983; Paterson and Banks 2001).  This assumption, however, was 
not justified because there was no objective method to determine host relationships based on 
parasite associations, and little or no empirical data on host or parasite phylogenies was 
available (Hennig 1966; Brooks 1979).  These rules and their associated assumptions about 
the ways in which hosts and parasites interact led to the methodologies and terminology 
currently used to describe host-parasite associations. 
The term “coevolution” was first used by Ehrlich and Raven (1964) to describe the 
intimate association between phytophagous insects (parasites) and their host plants.  Ehrlich 
and Raven (1964), however, did not provide a strict definition of coevolution (Janzen 1980), 
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and the first definition was later provided by Brooks (1979).  Brooks (1979) considered 
coevolution to be a combination of two processes, coaccommodation (ecological association) 
and cospeciation (historical association), thereby encompassing both microevolutionary and 
macroevolutionary processes.  Coaccommodation (later called coadaptation or reciprocal 
adaptation) is the equivalent of mutual modification through time and includes parameters 
such as pathogenicity, host specificity, and synchrony of life cycle stages.  In evolutionary 
terms, coaccommodation refers to the relationship between hosts and their parasites during the 
period in which there is no cladogenesis in either symbiotic partner.  Cospeciation, on the 
other hand, is speciation (or cladogenesis) in a parasite lineage as a result of, or at the same 
time as, host cladogenesis (Brooks 1979). 
Based on Brooks’ (1979) definitions, Ehrlich and Raven’s (1964) original use of the 
word coevolution was closer to coadaptation, and because Ehrlich and Raven (1964) were the 
first to use the term coevolution, their connotation of reciprocal adaptation should have 
priority.  In fact, most recent uses of the term coevolution have been used to describe 
microevolutionary processes, especially coadaptation (Janzen 1980; Percy et al. 2004).  
Coadaptation, however, is a complex process and it can be difficult to test.  Therefore, most 
studies investigating how hosts and their parasites are associated have tested for cospeciation 
rather than coadaptation. 
 Cospeciation (also called codivergence or codiversification) can be identified by 
comparing the phylogenies of hosts and their parasites.  A pattern reflecting cospeciation will 
emerge only if the parasite has exhibited a high degree of host specificity over a long period 
of time (Poulin 1992).  However, host specificity does not necessarily mean that cospeciation 
has occurred because the ancestors of a particular parasite may not have been host specific 
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(Hoberg 1986).  Host specificity simply describes current parasite distributions among host 
species, possibly as a result of historical association or inability of the parasite to disperse to 
new hosts (Tompkins and Clayton 1999; Clayton et al. 2003a, 2004; Clayton and Johnson 
2003).  Because host specificity (coadaptation) is anagenetic, it is decoupled from 
assessments of historical association (cladogenetic events) and it should not be used as a 
guide to determining which parasite clades are likely to have cospeciated with their hosts 
(Brooks and McLennan 2003). 
The phylogeny of host-specific parasites must parallel the phylogeny of their hosts to 
infer that cospeciation has occurred (Hennig 1966; Brooks and McLennan 2001, 2003).  
Concordant phylogenies, however, do not always indicate cospeciation because other 
historical events can result in a pattern that mimics cospeciation (see below).  To avoid the 
false assumption of cospeciation when hosts and parasites show concordant phylogenies, 
many researchers first test for parallel phylogenetic patterns, then test whether cladogenic 
events in the host and parasite trees occurred at the same time.  Evidence of synchronous 
phylogenetic events in the host and parasite trees is termed “cophylogeny” (also called 
parallel cladogenesis or co-cladogenesis).  If significant cophylogeny exists between two 
associated taxa, then it is inferred that widespread cospeciation (not necessarily complete 
cospeciation involving all host and parasite taxa) has occurred.  In analyses of historical 
associations between hosts and parasites, cospeciation and cophylogeny often are used 
interchangeably, even though cospeciation is a process and cophylogeny is a pattern. 
Analyses of cospeciation have become more prevalent over the last 30 years.  A search 
of coevolutionary terms in Web of Science (September, 2005) resulted in more than 3300 hits.  
For example, “codivergence” yielded 15 hits, “cophylogeny” 13 hits, “cocladogenesis” six 
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hits, “parallel cladogenesis” 17 hits, “cospeciation” 206 hits, and “coevolution” 3091 hits.  
“Coevolution” means different things to different investigators, and the term is often misused 
in the literature (Paterson and Banks 2001; Desdevises et al. 2002; Page 2003).  Not including 
“coevolution”, this search found a total of 227 articles on the other coevolutionary topics, 
although very few of these studies actually used rigorous tests of cophylogeny. 
Tests of cophylogeny between hosts and parasites offer opportunities to test the above 
four parasitological rules (Fahrenholz’s, Szidat’s, Manter’s, and Eichler’s Rules) and, given 
the outcome of the tests, to investigate cospeciation and coadaptation between the associated 
taxa.  In the absence of empirical data, however, it is impossible to determine the evolutionary 
history of a host-parasite association, much less the possible roles of cospeciation and 
coadaptation in determining that association.  Rigorous tests of cospeciation based on 
empirical data are therefore necessary to determine how host-parasite associations have 
evolved through time. 
It is not yet known if cophylogeny is relatively rare or if it is the general trend in host-
parasite assemblages (Barker 1994; Page et al. 1996; Taylor and Purvis 2003).  Until recently, 
it was thought that cospeciation (association by descent) and host switching (association by 
colonization) were the only two macroevolutionary events involved in host-parasite 
associations (Brooks 1979, 1981, 1988).  In addition to the above, t is now known that a wide 
array of other events can affect host-parasite associations, including sorting events (extinction 
and lineage sorting), widespread taxa (inertia events), duplication events (parasite speciation), 
and failure to speciate (“missing the boat;” Paterson and Gray 1997). 
Host and parasite phylogenies can be assessed for similarity by using tree-based 
(Brooks 1981; Page 1989b; Brooks 1990; Page 1994a, 1994b), distance-based (Legendre et al. 
8  
2002), or data-based (statistical) methods (Huelsenbeck and Rannala 1997; Huelsenbeck et al. 
1997; Johnson et al. 2001; Huelsenbeck et al. 2003).  These methods attempt to explain the 
history between associated (hosts and their parasites) taxa.  Tree-based methods compare only 
topologies (branching structure) of host and parasite trees, primarily testing the null 
hypothesis of independence of host and parasite phylogenies by determining if more observed 
cospeciation events are present than expected by random chance.  Distance-based methods 
use distance matrices and host associations to determine if hosts and parasites are randomly 
associated.  Data-based techniques rely on the data used to construct host and parasite 
phylogenies to determine if the data support identical topologies (Clark et al. 2000; Johnson et 
al. 2001; Huelsenbeck et al. 2003).  There are known shortcomings with many of these 
methods.  For example, tree-based methods assume there is no error in the host and parasite 
topologies, disregard information regarding nodal support, and use the topologies as data.  
Alternatively, some data-based methods are considered too restrictive and simplistic (do not 
consider sorting or duplication events) whereas others may be difficult to implement if there 
are few actual cospeciation events (Johnson et al. 2001; Paterson and Banks 2001; 
Huelsenbeck et al. 2003). 
Several recent empirical tests have used tree, distance, and data-based tests of 
cophylogeny with mixed results.  Certain of these studies have shown significant cophylogeny 
between hosts and parasites, including chewing lice and pocket gophers (Hafner and Nadler 
1988, 1990; Hafner et al. 1994), pinworms and primates (Hugot 1999), copepods and fish 
(Paterson and Poulin 1999), chewing lice and seabirds (Paterson et al. 2000), viruses and 
primates (Hugot et al. 2003), pinworms and rodents (Hugot 2003), primates and sucking lice 
(Reed et al. 2004), and plants and their pollinators (Weiblen and Bush 2002; Kawakita et al. 
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2004).  Other studies involving bacterial endosymbionts (such as those of flies, ants, sponges, 
termites, cockroaches, bivalves, and aphids) have shown significant cophylogeny likely due to 
the maternal mode of inheritance of the endosymbionts (Clark et al. 2000 and references 
therein; Moran 2001; Erpenbeck et al. 2002; Degnan et al. 2004).  Other studies have not 
found significant cophylogeny, presumably because of host switching and sorting events.  
These studies involve fish and monogeneans (Desdevises et al. 2002), Brueelia chewing lice 
and their avian hosts (Johnson et al. 2002a), rock-wallabies and chewing lice (Barker 1991), 
Austrophilopterus chewing lice and their toucan hosts (Weckstein 2004), and insects and their 
host plants (Ronquist and Liljeblad 2001; Quek et al. 2004).  Based on the wide diversity of 
studies and results, it is apparent that evidence for cophylogeny depends on the taxa studied.  
Likewise, in those cases lacking significant cophylogeny, the causes of the incongruence will 
vary with the taxa under investigation (Clark et al. 2000).  Clearly, additional studies are 
necessary to identify groups of organisms that are more likely to experience cophylogeny, as 
well as the relative importance of the many kinds of historical events that shape the 
association between hosts and their parasites. 
1.1. Tree-Based Methods 
 This section describes the tree-based methods typically used to compare host and 
parasite phylogenies.  The historical and computational evolution, utility, and criticisms of 
each method are addressed in detail below. 
1.1.1. Brooks Parsimony Analysis 
Brooks (1979, 1981, 1990; Brooks et al. 2001; Brooks and McLennan 2003) presented 
an objective method (later called Brooks Parsimony Analysis or BPA) to hypothesize host 
relationships and potentially detect cospeciation between hosts and their parasites while 
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taking into account other historical events, such as host switching.  BPA has been the subject 
of numerous discussions, some critical of the method (e.g., Page and Charleston 2002; Siddall 
and Perkins 2003; Wojcicki and Brooks 2004; Siddall 2005), and others supportive (Dowling 
2002; Brooks and McLennan 2003; Brooks et al. 2004).  Because BPA is designed to 
hypothesize host relationships based on parasite relationships, the method has lost most of its 
utility in cophylogenetic analyses because host phylogenies can now be hypothesized with 
high confidence using data independent of parasite phylogenies.  Furthermore, BPA requires 
the use of at least three parasite groups to hypothesize host relationships, a requirement that 
most studies (including those in this dissertation) do not meet.  Lastly, there currently is no 
method to assess the significance of the reconstructed host phylogeny or a means to compare 
it statistically with an independent parasite phylogeny to assess congruence.  Given these 
limitations, BPA will not be used in this dissertation. 
1.1.2. Component Analysis 
Component analysis was originally designed for use in biogeography and this method 
is often confused in the literature because there were originally two different kinds of 
component analysis.  One method focused on how to construct area cladograms from taxon 
cladograms (Nelson and Platnick 1981), and the other concentrated on how to combine area 
cladograms (potentially based on different data sets) and to create a general cladogram using a 
consensus method (Nelson 1979; Page 1988).  Both techniques search for patterns and 
agreement among area cladograms by looking for shared components, where a component is 
defined as a clade of taxa historically and spatially associated (Rosen 1976; Platnick and 
Nelson 1978, 1984; Nelson and Platnick 1981).  The first technique, that of Nelson and 
Platnick (1981), is the one of interest in host-parasite applications. 
11  
Component analysis (sensu Nelson and Platnick 1981) is a set of procedures that 
constructs an area cladogram from taxon cladograms.  Shared components are identified 
between taxon cladograms and a priori assumptions are made to map these components onto 
an area cladogram (Nelson and Platnick 1981; Page 1988).  Multiple area cladograms may 
result from component analysis, and the a priori assumptions aid in identifying economical 
solutions (Page 1988).  Component analysis therefore is a parsimony method that treats the 
area cladograms as analogous to character state trees and the a priori assumptions as character 
analysis (Page 1988).  Duplicate, widespread, and missing taxa are handled in different ways 
(a priori assumptions) depending on whether the characters are additive, semi-additive, or 
unordered.  In the case of missing taxa, a character representing “missing data” can be used 
(Humphries and Parenti 1986).  Widespread taxa sharing the same host can form a 
monophyletic group (if hosts are equivalent to semi-additive character states), a convex group 
(if the characters are additive), or each incidence of a widespread taxon can be treated 
separately (if hosts are unordered; Nelson and Platnick 1981; Zandee and Roos 1987; Page 
1988).  Duplicate taxa found on the same host can be treated separately (accommodating 
dispersal), or those taxa not duplicated in an area or on a host can be treated as extinctions 
(Page 1988).  These assumptions are not mutually exclusive, and different assumptions can be 
combined to treat different problems (Page 1990a).  Even with the use of a priori 
assumptions, multiple, equally parsimonious solutions can result. 
The utility of component analysis for comparing cladograms was called into question 
as the direct result of confusion between the two different kinds of component analyses 
(building and combining area cladograms), as well as misinterpretations of previous 
applications of these two methods (Page 1990a).  Some researchers argued that the main 
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difficulty with component analysis was its reliance on consensus techniques, which can yield 
less parsimonious solutions (Wiley 1988a, 1988b).  However, this criticism was based on a 
misinterpretation of the literature (Page 1988, 1990a).  For example, the same method is not 
used to build and combine area cladograms, and consensus methods do not preclude use of 
parsimony algorithms (Page 1988, 1989a, 1990a).  Additionally, controversy exists regarding 
the treatment and assumptions pertaining to causes of incongruence (Cracraft 1988; Page 
1988; Wiley 1988b; Page 1990a).  The assumptions used in component analysis could be 
interpreted to mean that widespread taxa could be treated as non-monophyletic and that area 
and species cladograms could be treated separately (Wiley 1988b).  Conversely, another 
interpretation is that areas (not taxa) could be non-monophyletic and that component analysis 
simply allows for the possibility that the same taxon can occupy unrelated areas due to 
proximity (Page 1988, 1990a).  Finally, a central problem of component analysis is that it 
offers no quantifiable or statistical measure of congruence between different cladograms. 
Page (1990a) proposed a new method that uses a parsimony criterion for component 
analysis (Goodman et al. 1979; Nelson and Platnick 1981).  Page’s (1990a) method is based 
on Goodman et al.’s (1979) method for fitting a gene tree onto a species tree by minimizing 
the number of gene duplications.  Page’s (1990a) method maps the parasite (or species) 
cladogram onto the host (or area) cladogram by identifying the most recent common ancestor 
for each component (or clade).  All historical events that may have occurred between 
associated organisms can be visualized by superimposing the associate tree onto the host tree 
or by creating reconciled trees (Mitter and Brooks 1983; Humphries et al. 1986).  A 
reconciled tree is a way to visualize all possible relationships between associates by 
displaying all independent speciation events, host switches, and sorting events (extinctions, 
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sampling error, lineage sorting, or failure to speciate) on each cladogram (Page 1994b).  
Widespread taxa are accommodated using Nelson and Platnick’s (1981) assumption that the 
ancestral condition was one parasite per host.  The degree of fit between the host tree and the 
reconciled tree can be quantified by the total number of duplications (Goodman et al. 1979), 
the total number of items of error (Nelson and Platnick 1981), or the minimum number of 
losses (Page 1988).  Similarity between host and parasite trees can be tested by reconciling 
the observed associate tree with a series of randomly generated trees, thereby generating a 
probability distribution for each measure of fit.  The computer program COMPONENT (Page 
1989a) implements this method of component analysis (the newest release of this program is 
COMPONENT 2.0; Page 1993c). 
Despite its improvement over previous methods of component analysis, 
COMPONENT (Page 1993c) is unable to incorporate host switches, which are analogous to 
horizontal gene transfer in the field of molecular evolution (Doyle 1992).  Accordingly, Page 
(1994b) extended his COMPONENT algorithm to incorporate host switching, thereby 
developing the method commonly known as reconciliation analysis (incorporated in the 
computer program TreeMap 1.0; Page 1994b).  It should be noted, however, that because 
COMPONENT is capable of creating reconciled trees, it is sometimes referred to as 
reconciliation analysis.  Herein, I use reconciliation analysis to refer only to the method of 
Page (1994b).  Because component analysis has been expanded upon in Page’s (1994b) 
reconciliation analysis, it will not be used in this dissertation. 
1.1.3. Reconciliation Analysis 
Reconciliation analysis accommodates host switches while attempting to maximize the 
number of cospeciation events in a reconstruction (Page 1994b).  An important aspect of 
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reconciliation analysis is the requirement of two independently derived phylogenies (either 
host and parasite or area and taxon phylogenies), a constraint not made in component 
analysis.  If cospeciation is the only process that always results from vicariance, maximizing 
cospeciation is analogous to maximizing character similarity between organisms due to 
inheritance from a common ancestor.  Maximizing the number of cospeciation events also 
avoids use of weighting schemes (although in a parsimony framework, maximizing one type 
of event arbitrarily weights the other events; Ronquist 2003).  Page’s program TreeMap (Page 
1994b) uses heuristic algorithms to search for the reconstruction(s) of the host and parasite 
trees with the highest number of cospeciation events. 
Not long after its publication, TreeMap (Page 1994b) was criticized for relying on 
heuristics to search tree space, for questionably handling host switches and widespread taxa, 
and for not identifying all cospeciation events (Ronquist 1995; Charleston, 1998; Page and 
Charleston 1998, 2002; Ronquist 2003).  In particular, the heuristic search method was 
criticized because this algorithm could result in internally inconsistent and/or non-optimal 
reconstructions (Ronquist 1995).  However, given the large number of reconstructions 
possible for any given comparison, a heuristic search was the only computationally feasible 
search algorithm at the time (Page and Charleston 1997). 
In 1998, Charleston introduced the mathematical “jungles algorithm,” which made it 
possible to find the least costly reconstruction of host-parasite relationships in a 
computationally efficient way (Charleston 1998).  The jungles algorithm incorporates all the 
ways an associate can map onto its host (codivergence, host switching, duplication, and 
sorting events) and assigns a cost to each of these events.  Search bounds (e.g., maximum 
number of host switches or duplication events allowed) can be set and optimal solutions are 
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those with the lowest overall cost.  The jungles algorithm ensures that feasible solutions are 
found, greatly reducing the total number of optimal solutions.  Using the assumption of one 
parasite per host, each host individual of a widespread taxon can be treated separately, 
assuming all individuals throughout the range have been assessed (Johnson et al. 2002b).  The 
jungles algorithm has been incorporated into the most recent version of TreeMap (version 
2.0β; Charleston and Page 2002). Ronquist (2003) has pointed out that maximizing 
cospeciation events forces costs onto other events and may assign zero cost to losses, which is 
logically inconsistent.  However, the default settings of TreeMap 2.0β meet the requirements 
of a true parsimony method in which codivergence is assigned a cost of zero, and host 
switches, losses, and duplications, are assigned a cost of one. 
Maximizing the number of cospeciation events in TreeMap 2.0β finds the solution that 
explains the greatest amount of shared history between associates (i.e., the most economical 
hypothesis), even in the presence of topological incongruence (Page 1994a, 1994b).  It is 
possible that multiple solutions maximizing the number of codivergence events may exist, and 
some investigators have proposed using weighting schemes to decide which solution is 
optimal either a priori or a posteriori (Kluge 1988; Ronquist and Nylin 1990).  Page (1994a, 
1994b) argues that multiple solutions, each with the maximum number of cospeciation events, 
are preferable to use of a posteriori weighting schemes.  All reconstructions could be 
presented as equally reasonable, or if a choice must be made between equally parsimonious 
solutions, information regarding the relative timing of speciation events or geographic 
proximity of taxa could be used to select among the trees (Page 1994b; Paterson and Banks 
2001).  It is also possible that with sufficient data, any parasite cladogram can be reconciled 
with any host cladogram (Page 1990b).  Thus, statistical tests are necessary to assess the 
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degree of fit between host and parasite trees.  The null hypothesis of independence between 
host and parasite phylogenies can be assessed for significance using randomization tests in 
which the observed host tree is reconciled to a distribution of randomly generated parasite 
trees using a Markov model.  The probability of obtaining the observed host tree by chance 
alone is represented by the proportion of random parasite trees that have the same or greater 
number of cospeciation events (or some other measure of similarity) as the observed tree 
(Page 1990b, 1994a, 1994b).  This method of using full topologies in the randomization, 
however, can be affected by tree balance or symmetry (Page 1991; Ronquist 2003). 
Despite the improvements listed above, reconciliation analysis is still criticized by 
investigators who find the assumption of one parasite per host overly restrictive and question 
the testability of reconciliation analysis because of the use of a priori weighting schemes 
(Dowling et al. 2003).  Additionally, use of reconciliation analysis does not always result in 
the most parsimonious explanation of the data (Dowling et al. 2003).  Finally, the jungles 
algorithm (Charleston 1998) has been criticized for mathematical errors, for not accurately 
accounting for host switches, and for its inability to handle large data sets (Ronquist 2003; 
Ricklefs et al. 2004). 
1.1.4. Generalized Parsimony 
Ronquist and Nylin (1990) and Ronquist (1995) devised an event-based method to 
reconstruct the coevolutionary history of a host-parasite group based on parsimony methods 
and without the use of a posteriori explanations.  This method, called generalized parsimony, 
is based on explicit models in which events affecting host-parasite associations are identified, 
assigned a cost, and then the most parsimonious (minimum cost) explanation is sought 
(Ronquist 2003).  Use of an explicit model with clear cost assignments allows straightforward 
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interpretation of the results.  To reconstruct the optimal coevolutionary history between 
associated taxa in the presence of incongruencies, a weighting scheme is incorporated into the 
model so that events are weighted with a cost inversely proportional to the likelihood of that 
event occurring (Ronquist and Nylin 1990; Ronquist 1997, 2003).  Developing an optimal 
weighting scheme, however, can be time consuming, computer intensive, and inconsistent 
(Ronquist 1995).  Thus, a technique that uses parsimony randomizations to assign biologically 
logical costs to various events is currently in use (Ronquist 2003). 
The null model in generalized parsimony assigns a zero cost to both cospeciation and 
duplication events (Ronquist 2003).  Many investigators argue that cospeciation is the 
expected outcome of host speciation, so that cospeciation should be given a cost of zero.  
Others argue that duplication is the expected outcome of parasite speciation, so that 
duplication events should be given a cost of zero.  Assigning a zero cost to both cospeciation 
and duplication events accommodates these different arguments regarding the appropriate null 
model in cospeciation analyses (Ronquist 2003).  Additionally, generalized parsimony assigns 
no cost to extinction events and host switching events with speciation (these events cannot be 
traced using extant taxa and are thus not used in the analysis).  Both sorting events and host 
switches without speciation are given a positive cost in generalized parsimony analysis. 
In generalized parsimony analysis, independent host and parasite phylogenies are 
compared for congruence.  In contrast to reconciliation analysis, the parasite tree is treated as 
the observed tree.  It is assumed that the ancestral condition one parasite per host (an obvious 
oversimplification of true associations) and that parasites infecting the same host are evolving 
independently of each other (Ronquist 2003).  Widespread taxa are treated separately, and an 
association matrix is constructed that reflects host-parasite associations and the incorporated 
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weighting scheme.  A minimum-cost historical reconstruction is estimated using generalized 
parsimony algorithms (Sanmartín et al. 2001; Ronquist 2003).  This method allows the 
identification of a single optimal reconstruction rather than a series of equally optimal 
solutions, often postulating large numbers of host switches (as in reconciliation analysis).  
Reconstructions are assessed for significance by shuffling terminal taxa (rather than full 
topologies) to generate random data sets (Siddall 1996; Ronquist 1998).  Generalized 
parsimony analysis is currently implemented in the computer program TreeFitter 1.0 
(Ronquist 2000).  Currently, however, it is not possible to visualize topological 
reconstructions in the current version of TreeFitter. 
1.1.5. Comparison of Tree-Based Methods 
All tree-based methods attempt to reconstruct the evolutionary history between hosts 
and their parasites with the smallest “cost,” or number of hypothesized historical events.  
Theoretically and methodologically, however, tree-based analyses differ substantially in the 
way they derive the reconstructed evolutionary history. 
Component analysis (Page 1993c) does not easily take into account host switching 
events and has evolved into the more commonly used reconciliation analysis (Page 1994b).  
Reconciliation analysis using jungles (Charleston and Page 2002) compares independently 
derived host and parasite phylogenies and attempts to find the most parsimonious 
reconstruction while maximizing cospeciation events.  Because cospeciation events are 
maximized and arbitrary weights are placed on other events, reconciliation is considered an a 
priori event-based method.  Generalized parsimony is similar to reconciliation analysis in that 
it is also an a priori method, but generalized parsimony differs by assigning costs according 
to the null hypothesis. 
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Reconciliation analysis uses the null hypothesis of cospeciation because cospeciation 
is the only event that always results in congruence between host and parasite phylogenies 
(Brooks and McLennan 2003).  In contrast, generalized parsimony assumes a null model of 
both cospeciation and duplication.  Current versions of reconciliation analysis accommodate 
all types of events in historical reconstruction (cospeciation, parasite duplication, host 
switching, widespread taxa, and sorting events).  Generalized parsimony only considers 
cospeciation, duplication, sorting events, and host switching without speciation because host 
switches with speciation and extinction events cannot be reconstructed using extant taxa.  
Besides these historical events, widespread taxa (resulting from lack of parasite response to 
host cladogenesis) must also be considered.  Widespread taxa may or may not conflict with a 
general pattern of cospeciation (host switching with or without speciation; Brooks and 
McLennan 2003).  Reconciliation analysis and generalized parsimony both assume that a host 
can only be parasitized by one ancestral parasite species, and both analyses try to 
accommodate this assumption by running multiple analyses or attempting to determine the 
ancestral host. 
 All tree-based methods for cophylogenetic analysis are dependent on reliable 
estimates of phylogeny augmented by quantitative assessments of nodal support (Page 1993b; 
Paterson et al. 1993; Clark et al. 2000; Ronquist 2003).  Whereas generalized parsimony 
techniques allow input of weighted trees (expressing confidence in various clades), other 
methods of historical reconstruction are unable to incorporate this information (Ronquist 
2003).  Furthermore, some tree-based methods, such as reconciliation analysis, require fully 
resolved phylogenies and any ambiguity in the reconstruction (polytomies) must be 
represented as a set of fully resolved trees and multiple reconciliation analyses must be 
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performed (Page 1994b; Page and Charleston 1997).  Strongly congruent cladograms are 
always expected with synchronous host-parasite speciation events.  However, congruent 
cladograms result from other processes, such as resource tracking or pseudo-cospeciation 
(invasion of a habitat by hosts and parasites in the same order, but at different times; Timm 
1983; Hafner and Nadler 1988; Brooks and McLennan 1991; Dowling 2002; Huelsenbeck et 
al. 2003).  Therefore, congruent host and parasite cladograms are necessary, but not sufficient, 
to cophylogeny. 
1.2. Distance-Based Methods 
The only distance-based method currently used for cophylogeny analysis is ParaFit 
(Legendre et al. 2002).  This program is a permutation procedure that uses distance matrices, 
rather than tree topologies, to test for congruence between host and parasite phylogenies.  
ParaFit has an advantage over tree-based methods because it can accommodate uncertainty in 
tree topologies, multiple parasites per host lineage, and multiple hosts per parasite lineage.  
ParaFit has been used in recent analyses of cospeciation between monogeneans and fish 
(Desdevises et al. 2002), birds and malaria (Ricklefs et al. 2004), ants and their host plants 
(Quek et al. 2004), finches and their finch brood parasites (Sorenson et al. 2004), and 
Glochidion trees and their moth pollinators (Kawakita et al. 2004).  This method tests the null 
hypothesis of random association between host and parasite species using the information 
from three user-supplied matrices: a matrix of host-parasite associations, a matrix of host 
relationships, and a matrix of parasite relationships.  The latter two are usually derived from 
phylogenetic distance matrices (Desdevises et al. 2002).  The host and parasite distance 
matrices are transformed to principal coordinates, the three matrices are then combined into a 
fourth matrix, and a test statistic is computed via a fourth-corner approach (Legendre et al. 
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1997).  The test statistic is then compared to a randomized null distribution of host-parasite 
associations via a permutation procedure.  ParaFit can assess phylogenetic congruence 
globally (across both phylogenies) as well as for each host-parasite association.  Thus, ParaFit 
can identify specific host-parasite pairs that are not significantly associated. 
1.3. Data-Based Methods 
 Data-based methods are statistical in nature and rely on the underlying data supporting 
phylogenetic trees, rather than the trees themselves, to test for cospeciation (Page 2003).  The 
data used in these analyses must be molecular and from homologous gene regions for both 
host and parasite taxa (Huelsenbeck et al. 1997).  Data-based methods can be used as an 
adjunct to tree-based methods to assess the source of topological incongruence between host 
and parasite trees (Huelsenbeck et al. 1997; Jackson 2004b).  Currently, two data-based 
methods are available for use in cophylogenetic analyses, although other statistical tests (e.g., 
the Kishino-Hasegawa and Shimodaira-Haseawa tests; Kishino and Hasegawa 1989; 
Shimodaira and Hasegawa 1999; Goldman et al. 2000) can also be used to test for data 
incongruity. 
 1.3.1. Maximum Likelihood and Bayesian Methods 
Maximum likelihood techniques are used to assess congruence between host and 
parasite data using likelihood ratio tests (LRTs) to determine if heterogeneity observed 
between topologies is the result of sampling error (Huelsenbeck and Bull 1996).  These 
congruence-based methods augment tree-based methods by assessing whether the data 
underlying the host and parasite trees are consistent with the null hypothesis of identical 
topologies (Huelsenbeck et al. 1997, 2003).  This congruence-based method (as well as KH 
and SH test) determine if observed topological incongruence (if any) is caused by sampling 
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error (e.g., inadequate taxon sampling or a limited number of informative sites), or historical 
events such as host-switching. If the null hypothesis is rejected, it is assumed that historical 
events caused observed topological incongruence whereas if the null hypothesis is not 
rejected, topological incongruence is assumed to be the result of sampling error.  Maximum 
likelihood tests assume a one-to-one association between hosts and their parasites and a 
stochastic model of host-parasite association, thereby permitting estimation of evolutionary 
models and assessment of the uncertainty of these estimates (Huelsenbeck et al. 2003).  To 
assess topological congruence, the most likely topologies for both the hosts and the parasites 
are optimized on both the host and parasite data sets (given the best model of evolution).  The 
LRT is then used to compare the likelihood of the host and parasite topologies optimized 
using the same data.  If the host and parasite topologies are found to be identical (meaning 
that sampling error accounts for any topological differences), then the same procedure is used 
to determine if speciation times and evolutionary rates are identical between hosts and 
parasites.  Huelsenbeck et al. (1997, 2000) also have developed methods to model host 
switching using maximum likelihood and Bayesian methods.  Bayesian approaches in 
cospeciation analyses are used primarily to assess frequency of host switching in a particular 
host-parasite assemblage, rather than to determine if host and parasite topologies are identical 
(Huelsenbeck et al. 2000). 
1.3.2. Parsimony Method 
Parsimony methods can be used to test for incongruence between the host and parasite 
data sets and identify taxa that cause the incongruence (Johnson et al. 2001).  This method 
assumes complete congruence between host and parasite data sets and uses partition 
homogeneity tests (or the incongruence length difference test; ILD test) to identify significant 
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departures from complete congruence.  This test requires an equal number of hosts and 
parasites, thus taxa are duplicated when there are multiple parasites on a single host.  The ILD 
tests is performed on two partitions, the host and parasite data sets (Farris et al. 1994, 1995).  
If significant incongruence is found between the partitions, host-parasite pairs, triplets, and 
other combinations are removed and the ILD test is repeated.  This procedure is continued 
until the pairs, triplets, or other combinations causing incongruence are identified and the null 
hypothesis of perfect congruence is no longer rejected (Johnson et al. 2001).  Once all the 
incongruent taxa have been identified and removed, a tree using both the parasite and host 
data is constructed for the remaining data.  The topology of this tree is then constrained, and 
the deleted host-parasite associations are added back into their respective data sets 
individually (Johnson et al. 2001).  The new host and parasite phylogenies are then compared 
using tree-based methods in an effort to explain the observed incongruencies. 
1.3.3. Comparison of Data-Based Methods 
The ILD test performed in a parsimony framework is considered a biased method for 
detecting congruence, especially when one partition contains random information or when the 
partitions differ in rate of nucleotide substitution (Dolphin et al. 2000; Barker and Lutzoni 
2002; Darlu and Lecointre 2002; Zelwer and Daubin 2004).  The effect of these biases on 
historical reconstruction, however, is unknown.  The parsimony-based method of Johnson et 
al. (2001) also is difficult to implement if there are few actual cospeciation events among the 
taxa studied.  Before investing time in a parsimony-based analysis that may be unwarranted, 
topologies should first be compared using tree-based methods to see if a significant amount of 
similarity exists.  Another difficulty with this data-based method is that if incongruencies are 
identified at basal positions of the trees, it is possible that terminal taxa that show cospeciation 
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will not be analyzed.  This difficulty, however, can be accommodated by the use of additional 
ILD tests. 
The parsimony-based method of Johnson et al. (2001) has certain advantages over the 
likelihood and Bayesian approaches of Huelsenbeck et al. (1997, 2000).  For example, the 
parsimony-based method requires substantially less computational power than the maximum 
likelihood or Bayesian methods (Johnson et al. 2001).  The methods of Huelsenbeck et al. 
(1997, 2000) also do not identify the taxa causing cophylogenetic incongruence, and in some 
cases the likelihood and Bayesian methods delete taxa with more than one parasite or host 
thus removing this information from the data set..  Only the data-based methods of 
Huelsenbeck et al. (1997, 2000), however, are able to compare speciation times and 
evolutionary rates if the host and parasite topologies are found to be identical.  These data-
based methods also can reconstruct historical associations using a stochastic model of host 
switching that calculates the probability of host-parasite associations while assessing 
uncertainty in the reconstruction (Huelsenbeck et al. 1997, 2003).  Currently, however, this 
congruence-based model does not accommodate other historical events such as extinctions, 
duplications, and sorting events (Huelsenbeck et al. 2003). 
1.4. Comparison of the Methods Used in Historical Reconstruction 
Evolutionary biologists seek a general method for historical reconstructions of host-
parasite associations, biogeography, and molecular evolution (Page 2002).  However, each of 
the methods discussed above, has problems, and it is possible that none of the current methods 
is sufficiently developed to serve across multiple disciplines. 
Much of the debate regarding the most appropriate method in studies of host-parasite 
cophylogeny focuses on the best method to accommodate non-cospeciation events, such as 
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host switching, extinction, and duplication events (Hoberg and Klassen 2002).  Although 
data-based methods can incorporate stochastic models of host switching, these models are 
considered by many to be too simplistic and restrictive because they do not incorporate other 
likely events in the history of the host-parasite association (Huelsenbeck et al. 2003).  Some 
researchers argue that trees, rather than data, should be compared for significant similarity 
because of the likelihood that other historical events, in addition to cospeciation events, 
influence the structure of the data matrices (Clark et al. 2000; Jackson 2004a; Jackson and 
Charleston 2004).  Other researchers believe that tests of topological similarity are overly 
simplistic and that investigators should be assessing host and parasite phylogenetic histories 
using actual data, rather than trees based on the data (Clark et al. 2000).  Distance-based 
methods have not been incorporated into this discussion because they are relatively new; also, 
distance-based methods do not rely on topologies and therefore are not relevant to the issue of 
topological incongruence. 
Recent empirical studies have used tree-based, data-based, and distance-based 
methods to compare host and parasite evolutionary histories. Certain of these studies, such as 
those between fish and their monogenean parasites (Desdevises et al. 2002), chewing lice and 
their seabird hosts (Paterson and Gray 1997; Paterson et al. 2000), and ants and their host 
plants (Quek et al. 2004) have found consistent results across various methods.  Other studies 
have found that different methods yield different results (Clark et al. 2000; Kawakita et al. 
2004 [although this study used an older version of TreeMap]; Ricklefs et al. 2004).  Overall, 
the consensus seems to be that different methods yield different results.  The fact that 
different methods, especially tree-based versus data-based methods, yield different results is 
not surprising given the disparate assumptions of these cophylogenetic methods.  
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Additionally, according to the literature, tree-based and data-based methods should be used 
together in cophylogenetic studies, rather than compared for their utility to detect cospeciation 
(Huelsenbeck et al. 1997; Johnson et al. 2001). 
A method that incorporates all possible historical events and allows for statistical 
testing of the optimal historical reconstruction currently does not exist.  Use of tree-based, 
distance-based, and data-based methods together is the best way to reveal historical 
associations between hosts and their parasites.  Tree-based and distance-based methods 
should be used first to determine if a significant pattern of cophylogeny (or significant 
association) exists between hosts and their parasites.  If there is no significant association 
between taxa, then the investigation can go no further.  However, if hosts and their parasites 
show significant cophylogeny, then data-based methods can be used to determine the cause 
and source of topological incongruence (if any).  Because of the large differences underlying 
tree-based and data-based methods, assessment of the relative utility of each method should 
only be made among tree-based methods and among data-based methods. 
Researchers interested in historical reconstructions of host and parasite associations 
should make cophylogeny tests as straightforward as possible by following the suggestions of 
Page et al. (1996) and Paterson and Banks (2001).  Namely, taxa should be sampled 
exhaustively, the alpha taxonomy of the hosts and parasites should be well known, and 
investigators should have confidence in the host and parasite phylogenies.  If possible, 
molecular data should be used to allow for future investigations of molecular rates, and 
ecological data should be used to assess the feasibility of hypothesized events (Page et al. 
1996; Paterson and Banks 2001).  For example, postulated host switching events may be 
unlikely in cases of disjunct host distributions, low parasite dispersal abilities, or high parasite 
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competition (Clayton et al. 2003a, 2004).  Lastly, regardless of the method used to reconstruct 
historical associations between hosts and parasites, investigators must be aware that 
uncertainty will always exist for any given reconstruction. 
1.5. Analysis of Evolutionary Rates in Hosts and Parasites 
Phylogenetic comparisons of hosts and parasites offer the potential for further studies 
of timing of cospeciation events and comparison of rates of molecular evolution in the hosts 
and parasites.  Such studies have the potential to elucidate broad evolutionary processes 
operating in distantly related taxa.  The addition of temporal data to cospeciation analyses also 
can aid in differentiating between topological congruence and incongruence and testing 
competing interpretations within and between analyses (Page 1990b; Paterson et al. 2000).  
Molecular rate comparisons can be especially useful in identifying instances of pseudo-
cospeciation, which can inflate the number of cospeciation events in purely cladistic analyses 
(Hafner and Nadler 1988, 1990; Page 1990b).  Hafner and Nadler (1988, 1990) were the first 
to incorporate estimates of molecular rates in their investigation of pocket gophers and their 
parasitic chewing lice.  In these seminal papers, Hafner and Nadler (1988, 1990) stressed the 
importance of independent data sets for constructing host and parasite phylogenies (where the 
parasite phylogeny was constructed without reference to the host phylogeny), the importance 
of having high confidence in the topologies, and the need for statistical tests to determine if 
the overall topological similarity between associate phylogenies is significantly greater than 
expected by chance. 
Use of molecular data from the same gene in the hosts and parasites is important 
because the characters used to construct host and parasite phylogenies are identical and a 
common scale can be used to compare amounts of divergence (Lewontin 1984; Page 1993b; 
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Hafner et al. 1994; Page 1996; Page et al. 1998).  Relative rates of evolution can be assessed 
in the absence of fossil data for the host or parasite because cospeciation implies that 
associated taxa are the same age.  Alternatively, absolute rates of evolution can be estimated 
by using fossil evidence from one lineage to calibrate evolutionary rates in both lineages 
(Page et al. 1998).  For meaningful comparisons, however, the molecular data must be treated 
appropriately for the effects of saturation, differences in base composition, and divergent rates 
of evolution among sites.  Additionally, molecular data must change at a constant rate 
(conform to a molecular clock) within the hosts and within the parasites to allow for 
meaningful comparisons of rate differences between the hosts and parasites.  Lastly, only 
those sites least susceptible to selection pressures (four-fold degenerate sites) should be used 
to compare evolutionary rates between parasites and their hosts (Page 1993b).  Otherwise, it 
will be difficult to determine whether rate differences observed between associated taxa are 
the result of cophylogeny or natural selection on the molecular data. 
If the host and parasite cladograms are based on independent data sets, show 
significant cophylogeny, and are based on molecular data that conform to a molecular clock, 
then timing of cladogenetic events can be estimated for those host-parasite pairs that have 
cospeciated (pair-specific tests of evolutionary rates).  A Mantel test performed on the genetic 
(patristic) distance matrices of cospeciating hosts and parasites can be used to test for 
significant association between the matrices (Hafner and Nadler 1988, 1990; Page 1991).  If a 
significant relationship exists between the matrices (further supporting the initial findings of 
significant cospeciation), bivariate plots and regression analyses using equivalent host-
parasite branch lengths can be performed.  To compare evolutionary rates between 
cospeciating associates, the lengths of homologous branches in the host and parasite 
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phylogenies can be identified and the amount of evolution along each branch estimated and 
compared.  This process is called “copath analysis” and it can be very complex and 
cumbersome (Page 1996).  Once the copaths are identified (there are often multiple solutions), 
copath lengths (coalescent times) can be compared between cospeciating hosts and parasites 
using a regression analysis (Hafner et al. 1994, Page 1996).  The regression analysis 
determines whether one associate evolved faster or slower than the other (as assessed by the 
slope of the relationship) and whether the host speciated before or after its parasite (as 
assessed by the intercept of the relationship).  Simultaneous timing of codivergence is 
predicted if a significant association between host and parasite phylogenies exists and if 
parasites are equally or less vagile than their hosts. 
Data-based methods using maximum likelihood techniques can be used to assess if 
hosts and parasites have identical speciation times and evolutionary rates across all taxa 
(Huelsenbeck et al. 1997, 2000, 2003).  If the host and parasite topologies are identical, 
likelihood ratio tests are performed to determine if the hosts and parasites have experienced 
identical speciation times (by assuming a molecular clock) and identical substitution rates.  
The null hypotheses that hosts and parasites have identical branch lengths and substitution 
rates are compared with the observed branch lengths and substitution rates using likelihood 
ratio tests.  Additionally, since cospeciation between hosts and parasites will result in 
correlated branch lengths between associate topologies (if both hosts and parasites adhere to a 
molecular clock), rates of synonymous substitution can be calculated along all branches for 
each data set and these rates can be compared in a regression plot (Degnan et al. 2004). 
There have been several studies evaluating patterns of parallel phylogeny and 
comparisons of evolutionary rates in pocket gophers and chewing lice using pair-specific 
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methods (Hafner and Nadler 1988, 1990; Page 1990b, 1991; Demastes and Hafner 1993; 
Hafner et al. 1994; Page 1994a, 1994b; Paterson et al. 2000).  Collectively, these studies have 
established that widespread cospeciation has occurred in this host-parasite assemblage, 
although estimates of evolutionary rates have varied among studies.  Using the methodology 
outlined by Hafner and Nadler (1988, 1990) and Page (1990b, 1991), Hafner et al. (1994) 
reported a nucleotide substitution rate approximately three times higher in lice than in their 
hosts for the mitochondrial gene cytochrome c oxidase subunit I.  Using only fourfold 
degenerate sites for host-parasite associations in the genus Orthogeomys, lice appeared to 
evolve roughly an order of magnitude faster then their gopher hosts.  In a reanalysis of the 
data from Hafner et al. (1994), Page (1996) used a maximum likelihood estimate of the 
transition-transversion ratio, and calculated that lice parasitizing Orthogeomys hosts evolve 
roughly two to three times faster than their hosts at third positions.  In all cases, speciation 
between lice and their hosts was approximately synchronous (i.e., the y-intercept did not 
differ significantly from zero).  In another attempt to compare evolutionary rates, this time in 
birds and their chewing lice, Page et al. (1998) found that chewing lice in the genus Dennyus 
evolve roughly two to three times faster than their swiftlet hosts for the mitochondrial gene 
cytochrome b.  In yet another study involving chewing lice, Paterson et al. (2000) calculated 
that chewing lice evolve roughly 5.5 times faster than their seabird hosts at the 12S rRNA 
mitochondrial gene and that timing of speciation events was approximately synchronous in 
the two groups.  Only one study has compared evolutionary rates between sucking lice and 
their hosts (Reed et al. 2004).  In this study using the mitochondrial genes cytochrome c 
oxidase subunit I and cytochrome b, anoplurans evolve 2.3 times faster than their primate 
hosts.  This finding yields some evidence that lice, in general, are evolving roughly two to 
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three times faster than their hosts in the mitochondrial genes examined.  This finding is in 
contrast to Manter’s Rules (Manter 1955, 1966; Inglis 1971) which state that parasites evolve 
more slowly than their hosts. 
Comparisons of the relative rates of substitution between nuclear and mitochondrial 
genes in lice and other insects suggest that the evolutionary rates reported for lice may be 
taxon-specific and not characteristic of insects in general (Page et al. 1998; Simmons and 
Weller 2001; Johnson et al. 2003; Yoshizawa and Johnson 2003).  Rates of evolution in the 
mitochondrial genome of lice may be accelerated by multiple gene rearrangements in lice 
compared to other insects (Shao et al. 2001a, 2001b) and postulated “mini-genomes” in lice 
mitochondria (S. Cameron, pers. comm.).  These gene rearrangements and mini-genomes may 
affect mutation rates because the genes that have been investigated previously may lie in areas 
more prone to mutation compared to other insects.  Future investigations of insect genomes 
and evolutionary rates will clarify whether lice have faster evolutionary rates than other 
insects.  Likewise, additional comparisons of evolutionary rates between hosts and other 
parasites will determine whether parasites, in general, evolve faster than their hosts.  Although 
comparisons have been made involving intracellular parasites (Ricklefs and Fallon 2002) and 
bacterial endosymbionts (Moran et al. 1995; Zoller and Lutzoni 2003; Degnan et al. 2004), 
the extremely high evolutionary rates reported for these parasites likely are the result of an 
intracellular lifestyle, and therefore may not be directly comparable to studies involving 
ectoparasites. 
1.6. Model Systems in Tests of Cophylogeny 
 Finding a model system for analysis of cophylogeny can be problematic.  Some 
parasites have very complex (indirect) life cycles, parasitizing multiple hosts throughout their 
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lifetime.  These parasites may show host specificity and possibly cophylogeny with any or all 
hosts that they parasitize.  Oftentimes, however, parasites with indirect life cycles are host 
generalists (to increase the chances of reproducing and completing their life cycle) and may 
show little host specificity.  A parasite with a direct life cycle is much easier to study because 
the distribution of the parasite is tightly linked to the distribution of its host.  A permanent, 
obligate parasite is ideal for a study of cospeciation because of the increased probability of 
host specificity (Clayton et al. 2003a).  Facultative parasites with indirect life cycles certainly 
be can be used in studies of cophylogeny, but such studies will be much more complex than 
studies of obligate parasites.  Given the debate over current analytical methods and the 
relative abilities of these methods to model historical events accurately, it may be advisable to 
focus on simple systems in the near future.  Ectoparasitic lice and their mammalian hosts 
represent an ideal system to investigate historical reconstructions between hosts and parasites. 
 Lice (Insecta: Phthiraptera) are obligate and permanent parasites of birds and 
mammals.  There is an extensive literature addressing cophylogeny between birds and their 
ectoparasitic lice, but only mammals and their lice will be considered here.  Mammals host 
roughly 550 species of chewing lice belonging to the suborders Amblycera, Ischnocera, and 
Rhynchophthirina (Cruickshank et al. 2001; Price et al. 2003).  These lice use chewing 
mouthparts to feed on skin dander of their host.  Mammals also serve as the only hosts for the 
roughly 530 species of sucking lice belonging to the fourth phthirapteran suborder, Anoplura.  
Sucking lice feed on host blood using piercing and sucking mouthparts.  Both chewing and 
sucking lice are dependent on their hosts for food and shelter throughout their lifetime.  Eggs 
must be laid on the host to protect them from desiccation, predation, and other external factors 
(Barker 1994).  Lice are wingless, meaning that transmission to new mammalian hosts occurs 
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primarily between mating pairs and between parents and offspring.  Transmission to novel 
host species is rare, leading to high host specificity and possibly, cospeciation (Clay 1949). 
There have been several cophylogenetic studies of chewing lice and their hosts.  Many 
of these have documented significant cophylogeny (Hafner and Nadler 1988; Hafner et al. 
1994; Page et al. 1998; Paterson et al. 2000) whereas others have not (Barker 1991; Johnson 
et al. 2002a, Weckstein 2004).  Sucking lice have only recently been used in population-level 
cophylogenetic studies involving humans (Reed et al. 2004).  Previous higher-level studies of 
sucking lice cophylogeny based on morphology suggest a complex history involving both 
cospeciation and host switching events (Kim 1988).  Even though these lice are closely 
related to chewing lice, it is unknown if host-parasite cophylogeny is common in this 
assemblage. 
1.6.1. Model System 1: Pocket Gophers and Chewing Lice 
 Cophylogeny in the gopher-louse assemblage has been extensively investigated over 
the last 20 years, and these investigations have led to the development of many of the methods 
for cophylogeny analysis discussed above (Timm 1983; Hafner et al. 2003).  The gopher-
louse assemblage is one of only a few mammal parasite systems showing significant 
cophylogeny (Hafner et al. 2003), which is the result of the unusual natural history of both the 
hosts and parasites.  Pocket gophers (Rodentia: Geomyidae) are fossorial rodents that spend 
most of their life in the subterranean tunnels that they dig while foraging for food.  
Populations of pocket gophers and other fossorial mammals often are patchily distributed 
because of their dependence on appropriate soil type and food resources.  This patchy 
distribution usually results in a solitary and highly territorial lifestyle (Hafner et al. 2003).  
The morphological characteristics that result in a successful life underground (fusiform body 
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shape and enlarged claws and incisors for digging) often cause the fossorial mammal to be 
poorly adapted for life on the surface.  In fact, the dispersal distances for gophers are some of 
the lowest known for all mammals (Clayton et al. 2003a).  As a result, pocket gophers and 
any associated organisms are evolutionarily tied to a fossorial lifestyle where the likelihood of 
encountering conspecifics and other species is low (Hafner et al. 2003).  This lifestyle favors 
coevolution on the part of pocket gophers and their associates. 
 The life cycle of chewing lice passes through three nymphal phases, each lasting from 
three to 12 days, and adults usually live for about 30 days (although life cycle probably varies 
depending on louse species; Price et al. 2003).  Adult females produce roughly one egg per 
day.  Chewing lice lack wings, greatly reducing their dispersal abilities, and if dislodged from 
their host, they do not survive long (Marshall 1981).  Because pocket gophers are solitary and 
live in patchy populations, chewing lice must rely on host-to-host contact to colonize new 
host individuals and interact with conspecifics on other hosts.  The decreased dispersal ability 
of both hosts and parasites has resulted in a low degree of host switching.  More than 99% of 
pocket gopher individuals host chewing lice (high prevalence; M. Hafner, pers. comm), and 
chewing louse populations on a single host often are extremely dense, numbering hundreds of 
lice per host (high abundance).  All these factors lead to a high degree of host specificity and 
potentially coevolution between pocket gophers and their lice (Hopkins 1949, 1957; Price and 
Hellenthal 1981; Timm 1983; Hellenthal and Price 1984).  Additionally, high louse 
prevalence and abundance enables exhaustive sampling thereby increasing the possibility of 
detecting cophylogeny and identifying lineage specific evolutionary rates. 
Only two genera of chewing lice in the family Trichodectidae, Geomydoecus and 
Thomomydoecus, are known to parasitize pocket gophers.  Investigations of chewing louse 
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systematics and cophylogeny between these lice and their hosts began with morphological 
work (Timm 1983; Lyal 1985, 1986, 1987; Page et al. 1995) followed by investigations using 
molecular data (Hafner and Nadler 1988, 1990; Demastes and Hafner 1993; Page 1993a, 
1993b; Hafner et al. 1994; Page 1994b).  All studies that compared gopher and louse 
phylogenies found significant cophylogeny between these hosts and their parasites.  Most of 
these earlier studies, however, were focused at the taxonomic scale of gopher genera that have 
been diverged for long periods of time (longer times spent geographically and genetically 
isolated), increasing the likelihood of observing congruent phylogenetic patterns between 
hosts and parasites (Demastes et al. 2003).  However, a few studies have found significant 
cophylogeny among congeneric species of pocket gophers and their lice (Demastes and 
Hafner, 1993; Spradling, 1997; Demastes et al. 2003b), although it is clear that incomplete 
lineage sorting and drift may interfere with the cophylogeny signal at lower taxonomic levels. 
Studies of louse distribution patterns within a single species of host have increased our 
understanding of chewing louse population genetics and transmission patterns.  Louse 
populations experience low levels of gene flow, even within a spatially restricted population 
of pocket gopher (Nadler and Hafner 1989; Nadler et al. 1990).  Louse transmission is 
primarily dependent on a combination of geographic proximity and maternal transmission 
(Demastes 1996; Demastes et al. 1998).  Although chewing lice appear capable of dispersing 
to new host species, they rarely have opportunities to do so (Reed and Hafner 1997).  Louse 
transfer experiments among subspecies within a host species, among species, within a host 
genus, and between host genera indicate that successful colonization is possible if the new 
host is not appreciably larger than the native host (Reed and Hafner 1997; Hafner et al. 2003).  
This pattern reflects the tight correlation between host and parasite body size, specifically 
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louse rostal groove width and chewing louse hair diameter (Morand et al. 2000; Reed et al. 
2000; Clayton et al. 2003b, 2004).  It is not known what role, if any, louse competition plays 
in the successful establishment of an immigrant louse population onto a pocket gopher with a 
resident louse population of another species.  These studies of transmission patterns in lice 
have clarified that cophylogeny between gophers and lice is likely a result of several factors, 
including ecological constraints, low louse dispersal abilities, and patchy host distributions 
(Reed and Hafner 1997). 
 Chapter 3 of this dissertation will investigate the historical association between pocket 
gophers belonging to the Cratogeomys merriami species group and two chewing louse species 
complexes of the genus Geomydoecus.  The systematics of pocket gophers, primarily the 
gophers found in central Mexico has been the topic of several recent studies (Demastes et al. 
2003a; Hafner et al. 2004, in review).  The results of one of these studies (Hafner et al. in 
review) prompted the current research. 
1.6.2. Model System 2: Heteromyid Rodents and Sucking Lice 
Sucking lice (Phthiraptera: Anoplura) are permanent and obligate ectoparasites of 
eutherian mammals.  These highly specialized blood-sucking insects live in close association 
with their hosts and complete their entire life cycle (two to four weeks) on the host (Marshall 
1981).  Anoplurans are morphologically adapted for life on mammals: they are wingless, 
dorso-ventrally flattened, possess a single tarsal claw used to cling to host hair, and have 
modified piercing-sucking mouthparts for feeding.  Sucking lice feed directly from host blood 
vessels as often as every three hours and consume about a quarter of their body weight during 
each meal (Craufurd-Benson 1941; Buxton 1947; Murray and Nicholls 1965; Hocking 1971; 
Nelson et al. 1977).  This feeding behavior often results in host anemia (Clifford et al. 1967; 
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Nelson et al. 1975; Nelson et al. 1977; Marshall 1981; Kim et al. 1986).  Anoplurans are 
important in human epidemiology, serving as vectors of epidemic diseases such as trench 
fever, relapsing fever, and louse-borne typhus (Kim et al. 1986).  Heavy infestations of 
anoplurans can have devastating effects on livestock, resulting in lacerations (as a result of 
continuous scratching), anemia, and weight loss (Peterson et al. 1953; Collins and Dewhirst 
1965).  Because mammalian blood differs widely among species in terms of its suitability for 
louse nutrition (Murray and Nicholls 1965), sucking lice can be host specific (Marshall 1981; 
Kim et al. 1986).  This intimate and long-term association likely has resulted in 
coevolutionary adaptations and counter adaptations involving biochemical, physiological, 
ecological, and morphological changes on the part of both symbiotic partners. 
The family Heteromyidae includes 55 species of kangaroo rats, kangaroo mice, and 
pocket mice, many of which are parasitized by sucking lice.  These rodents are distributed 
throughout western North America southward into Central and South America.  Species in the 
subfamilies Dipodomyinae (Dipodomys and Microdipodops) and Perognathinae (Perognathus 
and Chaetodipus) occupy desert and shrubland habitats of western North America, whereas 
the Heteromyinae (Liomys and Heteromys) are found in tropical and subtropical habitats of 
Mexico, Central America, and northern South America.  Most heteromyids are solitary 
mammals, coming into physical contact only for mating and maternal care of offspring (Jones 
1993).  Relationships among heteromyid genera were unclear until recently (Hafner et al. 
unpubl. data; Hafner and Hafner 1983; Hafner 1993; Alexander and Riddle 2005).  
Interspecific relationships are well known and have been investigated using both 
morphological (Best and Janecek 1992; Best et a. 1996; Carrasco 2000; Anderson 2003) and 
molecular data (Rogers 1990; Rogers and Engstrom 1992; McKnight 1995; Riddle 1995; Best 
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et al. 1996; Cervantes et al. 1999; Alexander and Riddle 2005).  Heteromyid rodents are the 
subject of numerous active research programs (Genoways and Brown 1993), and additional 
evidence of heteromyid relationships (this study) will be useful in future studies of anatomical 
and behavioral adaptations in these unusual rodents.  Heteromyids are the sister group to 
pocket gophers, yet the former is parasitized only by sucking lice (Anoplura) and the latter 
only by chewing lice (Ischnocera). 
Presently, there are more than 530 described species of sucking lice worldwide that 
can be assigned to 49 genera in 15 families (Kim and Ludwig 1978; Durden and Musser 
1994a, 1994b).  Two thirds of the known anopluran species parasitize rodents (Kim 1988).  
The family Polyplacidae is the largest anopluran family, consisting of almost 40% of all 
sucking lice.  Lice in this family parasitize rodents, and lice in the monophyletic genus 
Fahrenholzia are restricted to heteromyid rodents.  Only 12 species of Fahrenholzia are 
currently recognized, although it is likely that some of these species (F. pinnata for example) 
are multi-species complexes of morphologically similar species.  Only half of the heteromyid 
species are known to have sucking lice, but it is likely that no one has looked for lice on the 
remaining species.  Most of the louse descriptions and host records date back to the early 
1900s, and there have been few recent records to corroborate these data.  This study will 
uncover new host associations, determine louse prevalence and abundance, elucidate the 
phylogenetics of this anopluran group, and determine the historical associations between 
heteromyid rodents and Fahrenholzia sucking lice. 
1.7. Dissertation Synopsis 
This dissertation will test for cophylogeny and compare molecular rates in two 
different groups: 1) pocket gophers and chewing lice and 2) heteromyids and sucking lice. All 
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three cophylogenetic methods will be used, and their utility for use in the field of 
cophylogeny will be determined.  Chapter 1 (this chapter) introduces key topics and 
background information in the field of cospeciation, and identifies ideal systems for 
cophylogenetic analysis.  Chapter 2 presents a hypothesis of phylogenetic relationships 
among Geomydoecus chewing lice parasitizing gophers in the Cratogeomys merriami species 
group based on molecular data.  Chapter 3 uses the louse phylogeny hypothesized in Chapter 
2 and a previously published host phylogeny to test for cophylogeny and compare molecular 
rates between these chewing lice and their gopher hosts using multiple methods for 
cophylogenetic analysis.  Chapter 4 is an investigation of heteromyid rodents and their 
parasitic sucking lice.  In this chapter, I use molecular data to hypothesize relationships of 
Fahrenholzia lice across most of their taxonomic and geographic range.  Chapter 5 is a test 
for cophylogeny and comparison of molecular rates between heteromyids and their sucking 
lice.  Chapter 6 is an examination of louse-host associations across all mammals and an 
investigation of prevalence and abundance of sucking lice on heteromyid rodents.  Finally, the 
conclusion summarizes and synthesizes the results of the studies described in chapters 1-6. 
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CHAPTER 2. PHYLOGENY OF GEOMYDOECUS CHEWING 
LICE PARASITIZING POCKET GOPHERS OF THE 
CRATOGEOMYS MERRIAMI SPECIES GROUP 
2.1. Introduction 
One of the best known symbiotic systems in the field of coevolutionary biology is that 
involving pocket gophers (Rodentia: Geomyidae) and their ectoparasitic lice (Insecta: 
Phthiraptera).  Chewing lice are obligate, wingless, ectoparasites that die soon after removal 
from their host, resulting in limited dispersal capabilities (Kellogg 1913; Marshall 1981).  
Pocket gophers are asocial organisms that live in small, isolated populations and have low 
effective rates of dispersal (Daly and Patton 1990).  Viewed together, the louse and gopher 
lifestyles offer little opportunity for transfer of chewing lice between pocket gopher species, 
resulting in high degrees of host specificity.  Early on, mammalogists and entomologists 
speculated that this intimate association likely has resulted in cophylogeny between these two 
highly divergent taxa (Hopkins and Clay 1952; Price and Emerson 1971; Timm 1983; Price 
and Hellenthal 1989). 
Most investigations of cophylogeny between pocket gophers and chewing lice have 
focused at the genus level of the hosts and have found significant cophylogeny between 
gophers and lice (Timm, 1983; Lyal, 1986, 1987; Hafner and Nadler, 1988, 1990; Demastes 
and Hafner, 1993; Hafner et al., 1994; Page et al., 1995).  It is thought that the likelihood of 
observing congruent phylogenetic patterns between hosts and parasites increases with greater 
divergence times because of longer periods of time spent geographically and genetically 
isolated (Demastes and Hafner, 1993).  However, a few studies have found significant 
cophylogeny among congeneric species of pocket gophers and their lice (Demastes and 
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Hafner, 1993; Spradling, 1997; Demastes et al., 2003), although it is clear that incomplete 
lineage sorting and drift may interfere with the cophylogeny signal at lower taxonomic levels. 
Recent investigations of the Mexican pocket gopher, Cratogeomys merriami, revealed 
chromosomal, molecular, and morphological variation that corresponds to three major genetic 
clades within the taxon (Hafner et al. in press).  These clades correspond to three distinct 
species, C. perotensis, C. merriami, and C. fulvescens, which comprise the C. merriami 
species group.  The C. merriami species group is parasitized by two louse species complexes 
in the genus Geomydoecus, the G. coronadoi complex (consisting of two louse species, G. 
coronadoi and G. veracruzensis) and the G. mexicanus complex (consisting of four louse 
species, G. mexicanus, G. perotensis, G. fulvescens, and G. traubi; Price and Hellenthal 
1989).  Price and Hellenthal (1989) noted that representatives of both the G. coronadoi and G. 
mexicanus species complexes usually were found on the same host individual.  Specifically, 
G. veracruzensis and G. fulvescens occur together and parasitize C. fulvescens, G. coronadoi 
submerriami and G. traubi occur together and parasitize C. merriami, G. c. saccharalis and 
G. mexicanus occur together and parasitize C. merriami, and G. c. coronadoi and G. 
perotensis occur together and parasitize C. perotensis.  Although each of the louse species is 
morphologically distinct and restricted to specific localities within the Trans-Mexican 
Volcanic Belt, relationships among these louse species is currently unknown.  Investigations 
of cophylogeny require independent phylogenetic hypotheses for both parasites and their 
hosts, so the purpose of this study is to hypothesize relationships among the chewing lice that 





2.2.1. Louse Specimens Examined 
Forty-one louse specimens (Tables 2.1 and 2.2) parasitizing pocket gophers of the C. 
merriami species group were used in the mtDNA analysis and 68 louse specimens (Appendix 
A) were used in the morphological analysis.  These lice were brushed from the pelage of the 
pocket gophers immediately after euthanization and stored at –70oC.  The gophers from which 
the lice were collected are the same as those used in the study by Hafner et al. (in press; Table 
2.1 and Fig. 2.1).  Because male lice are more easily identified than female lice, only male 
lice were used in this study, the only exception being one female Geomydoecus coronadoi 
(from host LSUMZ 34344) was used in the molecular analysis. 
Before DNA was extracted from the lice, each was tentatively identified using a 
dissecting microscope and taxonomic keys from Price and Emerson (1971) and Price and 
Hellenthal (1989).  Following DNA extraction, lice were mounted on slides and kept as 
vouchers.  Voucher louse specimens were prepared using the technique of Johnson and 
Clayton (2002).  This technique enabled extraction of whole genomic DNA while retaining 
the louse as a voucher specimen for each extract.  Louse specimens were re-identified to 
verify the original tentative identification.  Voucher specimens are housed at the Museum of 
Natural Science, Louisiana State University. Louse specimens were chosen so that at least one 
representative from each species complex (Price and Hellenthal 1989) was analyzed. 
2.2.2. DNA Amplification and Sequencing 
Genomic DNA was isolated from the body of each louse using the DNeasy Tissue Kit 
(QIAGEN Inc., Valencia, California) according to louse-specific protocols (Cruickshank et al. 
2001; Johnson and Clayton 2002).  The outgroup taxon for the mitochondrial DNA analysis  
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Table 2.1.—Specimens of Cratogeomys examined by Hafner et al. (in press; all localities are in Mexico).  Specimens are grouped 
into the three clades identified in the molecular analysis.  Museum acronyms are as follows: Colección Nacional de Mamíferos, 
Universidad Nacional Autónoma de México (CNMA) and Louisiana State University Museum of Natural Science (LSUMZ). 
 
Locality Number and Locality      Specimen Numbers 
 
Cratogeomys perotensis 
     1.  Hidalgo; Irolo, 2500 m       LSUMZ 34344, CNMA 41904 
     2.  Tlaxcala; Llanos de Teopa, 8 km (by rd.) N Tlaxco, 2887 m  CNMA 41905 
     3.  Puebla; 2.5 km N Zaragosa, 2250 m     CNMA 41906 
     4.  Veracruz, Las Vigas, 7900 ft.      LSUMZ 36070 
     5.  Veracruz; 2 km S Las Vigas, 2568 ft.     LSUMZ 34903 
     6.  Veracruz; Cruz Blanca, 2450 m     CNMA 41909 
     7.  Veracruz; 9 km NE Perote, 2440 m     CNMA 41910, CNMA 41911 
   19.  Puebla: 5.5 km N, 3 km W Pico de Orizaba, 3820 m   CNMA 42509, CNMA 42510 
   20.  Veracruz: Cofre de Perote, 1 km SSW El Conejo, 3442 m                 CNMA 42508 
 
Cratogeomys fulvescens 
     8.  Veracruz; 2 km NE Perote, 7900 ft.     LSUMZ 36069, CNMA 41824, CNMA 41825 
     9.  Puebla; 1 km NW Zacatepec, 2380 m     CNMA 41907 
   10.  Puebla; 1 km SE Ciudad Serdán, 2700 m    CNMA 41823 
   11.  Tlaxcala; Huamantla, 2380 m      CNMA 41908 
 
Cratogeomys merriami 
   12.  Puebla, 1 km S Atlixco, 6300 ft.     LSUMZ 36067, LSUMZ 36068, LSUMZ 36293 
   13.  Puebla; 1 km SE San Miguel Xoxtla, 2430 m    CNMA 41826 
   14.  México; 5 km SSW Texcoco, 7000 ft.     LSUMZ 36065 
   15.  México; 15 km SSW Texcoco, 2253 m    CNMA 41819 
   16.  México; 2 km SE Coatepec, 8600 ft.     LSUMZ 36125 
   17.  México; Volcan Iztaccíhuatl, 4 km N Paso de Cortéz, 3842m  CNMA 42507 
   18.  México; Volcan Popcatépetl, 1 km NW Tlamacas, 3884 m  CNMA 42504 
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Table 2.2.—Parasite taxa included in the molecular analysis.  Lice are grouped by host, locality, and clade identified in the 
molecular analysis of Hafner et al. (in press; see Table 2.1 and Fig. 2.1 for locality information).  Lice from localities 17 – 20 
(Table 2.1 and Fig. 2.1) were not included in the analysis. Museum acronyms are as follows: Colección Nacional de Mamíferos, 
Universidad Nacional Autónoma de México (CNMA) and Louisiana State University Museum of Natural Science (LSUMZ).
 
Cratogeomys     Geomydoecus coronadoi   Geomydoecus mexicanus  
Locality Number & Host   Species Complex    Species Complex  
 
  1.  C. perotensis LSUMZ 34344  G. coronadoi 1 – LSUMZ 34344  G. perotensis 1 – LSUMZ 34344 
  1.  C. perotensis CNMA 41904  G. coronadoi 1 – CNMA 41904  G. perotensis 1 – CNMA 41904 
  2.  C. perotensis CNMA 41905  G. coronadoi 2 – CNMA 41905  G. perotensis 2 – CNMA 41905 
  3.  C. perotensis CNMA 41906  G. coronadoi 3 – CNMA 41906  G. perotensis 3 – CNMA 41906 
  4.  C. perotensis LSUMZ 36070  No Louse Analyzed    G. perotensis 4 – LSUMZ 36070 
  5.  C. perotensis LSUMZ 34903  G. coronadoi 5 – LSUMZ 34903  G. perotensis 5 – LSUMZ 34903 
  6.  C. perotensis CNMA 41909  No Louse Analyzed    G. perotensis 6 – CNMA 41909 
  7.  C. perotensis CNMA 41910  G. coronadoi 7 – CNMA 41910  G. perotensis 7 – CNMA 41910 
  7.  C. perotensis CNMA 41911  G. coronadoi 7 – CNMA 41911  G. perotensis 7 – CNMA 41911 
 
  8.  C. fulvescens LSUMZ 36069  G. veracruzensis 8 – LSUMZ 36069  G. fulvescens 8 – LSUMZ 36069 
  8.  C. fulvescens CNMA 41824  G. veracruzensis 8 – CNMA 41824  G. fulvescens 8 – CNMA 41824 
  8.  C. fulvescens CNMA 41825  G. veracruzensis 8 – CNMA 41825  G. fulvescens 8 – CNMA 41825 
  9.  C. fulvescens CNMA 41907  No Louse Analyzed    G. fulvescens 9 – CNMA 41907 
10.  C. fulvescens CNMA 41823  G. veracruzensis 10 – CNMA 41823  G. fulvescens 10 – CNMA 41823 
11.  C. fulvescens CNMA 41908  G. veracruzensis 11 – CNMA 41908  G. fulvescens 11 – CNMA 41908 
 
12.  C. merriami LSUMZ 36067  G. coronadoi 12 – LSUMZ 36067  G. mexicanus 12 – LSUMZ 36067 
12.  C. merriami LSUMZ 36068  G. coronadoi 12 – LSUMZ 36068  G. mexicanus 12 – LSUMZ 36068 
12.  C. merriami LSUMZ 36293  G. coronadoi 12 – LSUMZ 36293  G. mexicanus 12 – LSUMZ 36293 
13.  C. merriami CNMA 41826  G. coronadoi 13 – CNMA 41826  G. traubi 13 – CNMA 41826 
14.  C. merriami LSUMZ 36065  G. coronadoi 14 – LSUMZ 36065  G. traubi 14 – LSUMZ 36065 
15.  C. merriami CNMA 41819  G. coronadoi 15 – CNMA 41819  G. traubi 15 – CNMA 41819 
16.  C. merriami LSUMZ 36125  G. coronadoi 16 – LSUMZ 36125  G. traubi 16 – LSUMZ 36125 
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Figure 2.1.  Distribution of Geomydoecus species in central Mexico.  Louse geographic 
distributions are overlain on the geographic distribution of their hosts.  Numbers refer to 
collecting localities listed in Tables 2.1 and 2.2.  (A) Geographic distribution of the lice 
belonging to the Geomydoecus coronadoi complex. (B) Geographic distribution of the lice 
belonging to the Geomydoecus mexicanus complex. 
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consisted of two louse specimens of Geomydoecus wernecki, a parasite of Cratogeomys 
fumosus.  PCR amplification and sequencing of a portion of the mitochondrial COI gene 
(1017 bp) was performed using combinations of the following primers: LCO1490, HCO2198 
(Folmer et al. 1994), LCO1718 (5’– GGRGGRTTYGTAAATTGRYTWRTTCC – 3’), and 
H7005 (Hafner et al. 1994).  Double-stranded PCR amplifications were performed in 50 µl 
reaction volumes using primers LCO1490 with HCO2198, LCO1718 with H7005, or 
LCO1490 with H7005.  Each reaction included 1.5 µl of each primer (20 µM), 8 µl of MgCl2 
(10 mM), 10 µl of deoxynucleotide-triphosphate mixture (10 mM solution; dATP, dGTP, 
dCTP, and dTTP, each 100 mM), 5 µl of 10X Taq buffer, and 0.4 µl of Taq DNA polymerase.  
The amplification protocol required an initial denaturation stage of 94 oC for 1 min, followed 
by 40 PCR cycles of 94oC (30 sec), 45oC (45 sec), and 72 oC (45 sec), and a final extension of 
72oC for 5 minutes. 
Prior to sequencing, amplified products were purified using either the QIAquick PCR 
Purification Kit or the QIAquick Gel Extraction Kit (QIAGEN, Inc.).  Amplified products 
were sequenced in both directions at the Museum of Natural Science, Louisiana State 
University.  Each 10 µl reaction included 1.6 µl of BigDyeTM (Applied Biosystems, Perkin-
Elmer Corporation), 0.32 µl of 10 µM primer, 2.0 µl of 5X ABI extension buffer, 4.08 µl of 
ddH2O, and 2 µl of amplification product.  Samples were sequenced for 24 cycles at 96oC (20 
sec; 1 cycle) then 96oC (12 sec; 23 cycles), 50oC (15 sec), and 60oC (4 min).  These sequences 
were then purified with Centri-Sep spin columns (Princeton Separations) and were 
electrophoresed using an ABI Prism 377 Genetic Analyzer (Perkin Elmer, Foster City, CA).  
Sequences were edited using Sequencher Version 4.1 (Gene Codes Corporation, Ann Arbor, 
Michigan), aligned using Se-Al v2.0a11 (http://evolve.zps.ox.ac.uk/Se-Al/Se-Al.html), and 
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submitted to GenBank (GenBank Accession Numbers DQ200297 – DQ200339).  Primer 
sequences were removed and sequences were trimmed in reference to the translated protein 
sequence using Se-AL v2.01a11 and MacClade 4.0 (Maddison and Maddison 2000). 
A nuclear gene, Elongation Factor 1 Alpha (EF-1α), also was sequenced to provide an 
additional hypothesis of louse relationships based on a molecular marker independent of the 
mitochondrial genome.  EF-1α was examined in 17 specimens representing all six species and 
the outgroup.  PCR amplification and sequencing of a portion of the EF-1α gene (347 bp) was 
performed using the primers For3 and Cho10 (Danforth and Ji 1998).  One double-stranded 
PCR amplification was performed in 50 µl reaction volumes and the reaction included 2.5 µl 
of each primer (10 µM), 9 µl of MgCl2 (10 mM), 10 µl of deoxynucleotide-triphosphate 
mixture (10 mM solution; dATP, dGTP, dCTP, and dTTP, each 100 mM), 5 µl of 10X Taq 
buffer, and 0.4 µl of Taq DNA polymerase.  The amplification protocol required an initial 
denaturation stage of 94 oC for 2 min, followed by 29 PCR cycles of 94oC (1 min), 46oC (55 
sec), and 72 oC (1 min), and a final extension of 72 oC for 5 min. 
PCR cleanup and sequencing were performed using the same techniques used for the 
mitochondrial gene.  Sequences were edited using Sequencher Version 4.1 (Gene Codes 
Corporation, Ann Arbor, Michigan), aligned using Se-Al v2.0a11 
(http://evolve.zps.ox.ac.uk/Se-Al/Se-Al.html), and submitted to GenBank (GenBank 
Accession Numbers DQ200340 – DQ200355).  The outgroup taxon used in the EF-1α 
analysis was G. craigi (hosted by Thomomys talpoides), whose sequence was downloaded 
from GenBank (Accession No. AF 545784).  Primer sequences were removed and sequences 
were trimmed in reference to the translated protein sequence using Se-AL v2.01a11. 
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2.2.3. Molecular Analysis 
 Phylogenetic inference can be affected by base composition heterogeneity, especially 
for older divergences (Lockhart et al. 1994; Galtier and Gouy 1998; Jansa and Weksler 2004; 
Schwarz et al. 2004), and many insects are known to show A-T bias in mitochondrial genes, 
especially at third positions (Jermiin and Crozier 1994; Schwarz et al. 2004).  Therefore, base 
composition for the mitochondrial gene COI was tested at each codon position for departure 
from random using Chi-square tests (χ2 tests) implemented in PAUP*b4.10 (Swofford 2002).  
Each taxon also was assessed individually for significant departure from the average base 
composition using a χ2 goodness-of-fit test with a Bonferroni adjustment for multiple tests 
(Jansa and Weksler 2004).  An incongruence length difference test (Farris et al. 1994) using a 
heuristic search with 100 random addition replicates (implemented as the partition 
homogeneity test in PAUP* 4.0b10; Swofford 2002) was used to determine if significant 
conflict exists between codon positions. 
Phylogenetic analyses were conducted on the louse COI data set using maximum 
parsimony (MP), maximum likelihood (ML), and Bayesian approaches.  Only MP and ML 
analyses were performed on the EF-1α data.  Equally weighted maximum parsimony searches 
were performed with 100 random addition replicates and tree bisection-reconnection (TBR) 
branch swapping using PAUP*4.0b10 (Swofford 2002).  To assess nodal support, 
nonparametic bootstrap analyses were performed (1000 pseudoreplicates and 10 random 
sequence additions; Felsenstein 1985).  All executable data files for the COI and EF-1α genes 
were submitted to TreeBASE (http://www.treebase.org). 
 To generate the best COI ML tree, Modeltest (Version 3.6; Posada and Crandall 1998) 
was used to examine the fit of 56 models of nucleotide substitution.  Models of evolution 
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providing the best approximation of the data using the fewest parameters were chosen for 
subsequent analyses according to hierarchical likelihood ratio tests (hLRTs) and the Akaike 
Information Criterion (AIC; Huelsenbeck and Rannala 1997; Posada and Buckley 2004).  The 
general time reversible (GTR) model, including among-site rate variation and invariable sites 
(GTR+I+Γ; Gu et al. 1995; Yang 1994), was chosen as the best model of evolution according 
to hLRTs of the louse COI data set.  Similarly, the K81uf model, again including among-site 
rate variation and invariable sites (K81uf+I+Γ), was chosen according to AIC for the COI 
data set.  The TrNef and the TrN + I models were chosen by hLRT and AIC, respectively, for 
the EF-1α data set.  A full heuristic ML search was conducted using the successive-
approximations approach with the preferred model in PAUP* 4.0b10 (Swofford 2002).  A full 
heuristic bootstrap (200 pseudoreplicates) also was performed using the preferred model on a 
Beowolf cluster with eight alpha-processor nodes.  Only the results of the hLRTs are 
presented here because both approaches selected similar models and phylogenetic analysis 
using these models of evolution yielded the same topology. 
 Bayesian phylogenetic analyses were performed using MrBayes 2.01 (Huelsenbeck 
and Ronquist 2001).  The GTR+I+Γ model was used in all analyses and model parameters 
were treated as unknown variables with uniform priors and were estimated as part of the 
analysis.  Bayesian analyses were initiated with random starting trees, run for 2 x 106 
generations with four incrementally heated chains (Metropolis-coupled Markov chain Monte 
Carlo; Huelsenbeck and Ronquist 2001), and sampled at intervals of 100 generations.  Two 
independent Bayesian analyses were run to avoid entrapment on local optima, and log-
likelihood scores were compared for convergence (Huelsenbeck and Bollback 2001; Leaché 
and Reeder 2002).  Stationarity was assessed by plotting the log likelihood scores of sample 
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points against generation time.  All burn-in points (the first 2500 trees) were discarded.  The 
retained equilibrium samples were used to generate a 50% majority rule consensus tree with 
the percentage of samples recovering any particular clade representing that clade’s posterior 
probability (Huelsenbeck and Ronquist 2001). 
 Alternative phylogenetic hypotheses were compared statistically using the Kishino-
Hasegawa (KH) and Shimodaira-Hasegawa (SH) tests as implemented in PAUP*4.0b10 (MP 
and ML analyses using resampling estimated log-likelihood (RELL) optimization and 1,000 
bootstrap replicates; Goldman et al. 2000; Shimodaira and Hasegawa 1999). 
2.2.4. Morphological Analysis 
 Sixty-eight male lice were examined in the morphological analyses (Appendix A).  
Images from louse slides were captured using a digital microscope and analyzed using Motic 
Images 2000 software (version 1.3, Motic Inc., Hong Kong).  Five mensural characters were 
measured: head length, temple width, greatest scape length, greatest scape width, and greatest 
distal width of antenna (second segment).  Univariate and multivariate statistical analyses 
were performed using Minitab (version 10X, State College, PA 16801) and Systat 8.0 (SPSS 
1998).  Discriminant function analyses were performed on each louse species complex 
(Geomydoecus coronadoi and G. mexicanus species complexes) separately.  Raw and 
logarithmically transformed data were examined in the discriminant function analyses to 
determine if each louse species could be separated with an a priori hypothesis of group 
membership to species (G. coronadoi, G. veracruzensis, G. fulvescens, G. mexicanus, G. 
perotensis, and G. traubi) and the mitochondrial clades identified in this study.  There were 
six mitochondrial clades examined, three per louse species complex.  For the G. coronadoi 
complex, the clade of G. coronadoi lice from localities 12 – 16 is referred to as the “ex 
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Cratogeomys merriami” clade, the clade of G. coronadoi lice from localities 1 – 7 are referred 
to as the “ex Cratogeomys perotensis” clade, and the clade of G. veracruzensis are referred to 
as the “ex Cratogeomys fulvescens” clade.  For the G. mexicanus complex, the clade of G. 
traubi, G. mexicanus, and G. perotensis from locality 1 are referred to as the “ex Cratogeomys 
merriami” clade, the clade of the remaining G. perotensis are referred to as the “ex 
Cratogeomys perotensis” clade, and the clade of G. fulvescens is referred to as the “ex 
Cratogeomys fulvescens” clade.  Discriminant function analyses also were performed on the 
three G. coronadoi subspecies (G. c. coronadoi, G. c. saccharalis, and G. c. submerriami) and 
the two G. perotensis subspecies (G. p. irolonis and G. p. perotensis). 
2.3. Results 
2.3.1. Sequence Characteristics of the COI Gene 
This analysis revealed no significant conflict between codon positions (p = 1.00), 
therefore all codon positions were combined in subsequent phylogenetic analyses.  No taxa 
differed significantly in base composition from the expected value for either the first, second, 
or third codon positions (χ2 < 17.18, df = 3).  Only the third codon position of the COI gene 
showed significant base composition heterogeneity among taxa (Table 2.3).  Third positions 
showed some degree of A-T bias, however, this bias was not significantly more than the bias 
observed at first and second positions (Table 2.3).  Third codon positions also were saturated 
(data not shown), but phylogenetic analyses removing third positions had no affect on basal 
relationships of the lice (data not shown). 
2.3.2. Phylogenetic Analysis 
Of the 347 bp of EF-1α examined, six were potentially parsimony informative.  
Parsimony analysis of the EF-1α gene resulted in one most parsimonious tree (phylogeny not  
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Table 2.3.—Average base frequency by codon position, and Chi-square tests of bias across all ingroup taxa. 
 
     Base    
Codon Position A  C  G  T  A-T frequency χ2  P 
 
 First  0.2766  0.1381  0.3047  0.2807  55.73     41.11  1.0 
 Second 0.1404  0.1839  0.2109  0.4647  60.51       2.16  1.0 
 Third  0.2912  0.1068  0.2052  0.3968  68.80   499.68  <0.0001 
 All  0.2361  0.1429  0.2403  0.3807  61.68   243.23  <0.0001 
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shown; length 14, CI = 1.00, RI = 1.00, RC = 1.00).  Only the two louse species complexes 
(Geomydoecus coronadoi and G. mexicanus; Price and Hellenthal 1989) were resolved by 
parsimony analysis (bootstrap support = 99 for the G. coronadoi complex and bootstrap = 75 
for the G. mexicanus complex).  Maximum likelihood analysis resulted in the same topology 
with comparable bootstrap support values.  The EF-1α data provided no additional resolution 
within either of the two species complexes (data available upon request and from TreeBase). 
Of the 1017 bp of the COI gene examined, 394 bp were potentially parsimony 
informative.  Parsimony analysis of the COI gene produced 160 equally parsimonious trees 
(Fig. 2.2; length = 490, CI = 0.641, RI = 0.939, RC = 0.602).  Monophyly of the two species 
complexes is supported with high bootstrap support (≥ 90; Fig. 2.2).  Furthermore, within 
each louse complex, three monophyletic clades corresponding to the three host clades 
(Cratogeomys perotensis, C. merriami, and C. fulvescens) were identified.  In the G. 
mexicanus complex, three of the six species were not monophyletic, but there were still three 
major clades corresponding to the three host clades (Fig. 2.2).  Although two of these three 
louse clades received high bootstrap support (≥ 90), support for the third clade (containing the 
species G. mexicanus, G. traubi, and one of seven populations of G. perotensis) was low 
(bootstrap support = 66).  In the G. coronadoi complex, lice parasitizing C. fulvescens and C. 
merriami were each monophyletic (bootstrap support = 100 and 98, respectively; Fig. 2.2), 
whereas lice parasitizing C. fulvescens were not completely resolved. 
Maximum Likelihood and Bayesian analyses resulted in identical topologies (Fig. 
2.3), with only slight differences from the topology generated by parsimony analysis (Fig. 
2.2).  The majority of these differences were polytomies of nodes that received poor support 
in the parsimony analysis.  The only major differences were that the ML and Bayesian  
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Figure 2.2.  Cladogram resulting from parsimony analysis of the COI gene for the 
Geomydoecus coronadoi (upper) and G. mexicanus (lower) species complexes.  Bootstrap 
support values are indicated above the nodes.  Species names are followed by locality 
numbers (Fig. 2.1 and Table 2.1) and museum specimen numbers (Table 2.2).  Host 




Figure 2.3.  Phylogram resulting from maximum likelihood and Bayesian analyses of the COI 
gene for the Geomydoecus coronadoi (upper) and G. mexicanus (lower) species complexes.  
Maximum likelihood bootstrap support values greater than 75 are listed above the nodes, and 
Bayesian posterior probabilities greater than 95 are indicated below the nodes.  Uncorrected p 
distances are indicated at several basal nodes.  Species names are followed by locality 
numbers (Fig. 2.1 and Table 2.1) and museum specimen numbers (Table 2.2).  Host 
associations are listed to the right of the phylogram. 
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analyses did not depict the Geomydoecus fulvescens clade as a monophyletic unit.  These 
differences in topology, however, were not significant by either the KH or the SH tests (MP 
versus Bayesian topology p = 0.394; MP versus ML topology p = 0.430; and ML versus 
Bayesian topology p = 0.282).  Additionally, ML analyses that constrained G. fulvescens to be 
monophyletic were not significantly different from the unconstrained analysis (KH p = 0.27; 
SH p = 0.13). 
 2.3.3. Morphological Analysis 
Multivariate analysis of the raw and logarithmically transformed data yielded similar 
results, and only results using the raw data are presented below.  Discriminant function 
analysis of the species within the Geomydoecus coronadoi species complex was able to 
discriminate between the two species, G. coronadoi and G. veracruzensis.  A posteriori rates 
of correct classification were 96% for G. coronadoi and 100% for G. veracruzensis, and only 
one louse was misclassified with high confidence (>80%). 
Discriminant function analysis of the mitochondrial clades within the G. coronadoi 
species complex was able to partially discriminate among the three clades (ex Cratogeomys 
merriami, ex C. perotensis, and ex C. fulvescens; Fig. 2.4A).  A posteriori rates of correct 
classification into the three clades were 77% for ex C. merriami, 75% for ex C. perotensis, 
and 100% for ex C. fulvescens.  Six lice were misclassified, and half of these were 
misclassified with high confidence (>80%). 
Discriminant function analysis of the G. coronadoi subspecies (G. c. coronadoi, G. c. 
saccharalis, and G. c. submerriami) also indicated some morphological differentiation among 
these taxa (Fig. 2.4B) .  A posteriori rates of correct classification into the three subspecies  
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Figure 2.4. Discriminant function plots of the Geomydoecus coronadoi complex.  (A) 
Discriminant function plot of head morphology for individual lice of the Geomydoecus 
coronadoi species complex by clade assignment (ex Cratogeomys merriami, ex C. perotensis, 
and ex C. fulvescens; see Figs 2.2 and 2.3).  Ovals surrounding each clade represent the 
sample confidence ellipse.  (B) Discriminant function plot of head morphology for individual 
louse specimens of Geomydoecus coronadoi by subspecies (G. c. coronadoi, G. c. 
saccharalis, G. c. submerriami.  Ovals surrounding each clade represent the sample 
confidence ellipse. 
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were 75% for G. c. coronadoi, 100% for G. c. saccharalis, and 63% for G. c submerriami.  
Six lice were misclassified, but only one was misclassified with high confidence (>80%).  Not 
all species within the Geomydoecus mexicanus complex showed evidence of morphological 
differentiation (Fig. 2.5A).  A posteriori rates of correct classification into the four species 
were 100% for G. fulvescens, 83% for G. mexicanus, 60% for G. perotensis, and 44% for G. 
traubi.  Ten lice were misclassified, and one louse was misclassified with high confidence 
(>80%). 
Discriminant function analysis of the mitochondrial clades within the G. mexicanus 
species complex was able to partially discriminate among the three clades (ex Cratogeomys 
merriami, ex C. perotensis, and ex C. fulvescens; Fig. 2.5B).  A posteriori rates of correct 
classification into the three clades were 82% for ex C. merriami, 88% for ex C. perotensis, 
and 100% for ex C. fulvescens.  Four lice were misclassified, and two of these were 
misclassified with high confidence (>80%). 
Analysis of the two G. perotensis subspecies was able to discriminate between G. p. 
irolonis and G. p. perotensis, although the sample size was small (only two lice measured for 
G. p. irolonis and eight for G. perotensis).  A posteriori rates of correct classification were 
100% for both subspecies, and no lice were misclassified. 
2.4. Discussion 
Phylogenetic analysis of both nuclear and mitochondrial genes support the species 
complexes originally described by Price and Hellenthal (1989) on the basis of morphology.  
Parsimony, maximum likelihood, and Bayesian analyses used to hypothesize relationships 
among the six Geomydoecus species yielded similar topologies.  Phylogenetic analysis reveals 
that the louse species G. perotensis and G. traubi are not monophyletic and that the species G.  
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Figure 2.5.  Discriminant function plots of the Geomydoecus mexicanus complex.  (A) 
Discriminant function plot of head morphology for individual lice of the Geomydoecus 
mexicanus species complex by species (G. fulvescens, G. mexicanus, G. perotensis, and G. 
traubi).  Ovals surrounding each clade represent the sample confidence ellipse.  (B) 
Discriminant function plot of head morphology for individual lice of the Geomydoecus 
mexicanus species complex by clade assignment (ex Cratogeomys merriami, ex C. perotensis, 
and ex C. fulvescens; see Figs 2.2 and 2.3).  Ovals surrounding each clade represent the 
sample confidence ellipse. 
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coronadoi may consist of two genetic lineages, each of which parasitizes a different host 
species  (Figs. 2.2 and 2.3).  Morphological analysis identifies a clear distinction between G. 
coronadoi and G. veracruzensis, but no clear distinction between the two clades (three 
subspecies) of G. coronadoi (Fig. 2.4A).  Only G. fulvescens could be clearly differentiated 
morphologically within the G. mexicanus species complex. 
2.4.1. Relationships within the Geomydoecus coronadoi Complex 
 All phylogenetic and morphological analyses identify a monophyletic and strongly 
supported G. veracruzensis clade within the G. coronadoi species complex (Figs. 2.2 – 2.4).  
Louse collections made for this analysis also verify that G. veracruzensis parasitizes only C. 
fulvescens, corroborating previous host records (Price and Hellenthal 1989). 
 Two clades of G. coronadoi are each hosted by different species of pocket gophers 
(Figs. 2.2 and 2.3).  These clades are only weakly supported in the ML and Bayesian analyses 
(Fig. 2.3); however, in the parsimony analysis (Fig. 2.2), both clades are well supported with 
the exception of lice from locality 1, which are only weakly associated with other lice 
parasitizing C. perotensis in the ML and Bayesian analyses (Fig. 2.3). 
 Geomydoecus coronadoi lice that parasitize C. merriami are divided into well-defined 
eastern (localities 12 and 13), central (localities 14 and 15), and western (locality 16) clades 
(Fig. 2.1).  The eastern clade corresponds to the morphologically defined subspecies G. 
coronadoi saccharalis originally described from locality 12 of this study (Price and 
Hellenthal 1989).  This study finds that the range of this subspecies also includes the nearby 
locality of San Miguel Xoxtla, Puebla (locality 13; see Taxonomic Conclusions below).  
Similarly, the central clade (localities 14 and 15) corresponds to the subspecies G. c. 
submerriami, which was originally described from a locality approximately midway between 
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localities 14 and 15 of this study (see Taxonomic Conclusions below).  Although G. c. 
submerriami and G. c. saccharalis are separated geographically, their hosts are currently 
identified as a single species, C. merriami (Hafner et al. in press).  Price and Hellenthal 
(1989) noted in their original description that G. c. submerriami and G. c. saccharalis are 
separated only by quantitative differences not worthy of more than subspecies recognition.  
Similarly, morphological analyses in the present study (Fig. 2.4B) do not indicate any obvious 
separation between these two subspecies.  Finally, G. coronadoi lice from the western clade 
(locality 16) cluster outside of the above two subspecies and may represent a previously 
unrecognized subspecies of G. coronadoi.  However, discriminant function analyses do not 
indicate that lice from this locality are morphologically distinct from other G. coronadoi 
subspecies, especially G. c. submerriami (Fig. 2.4B).  Additional collections and detailed 
morphological analyses will be necessary to elucidate subspecific boundaries, if present, 
within G. coronadoi. 
 Cratogeomys perotensis is parasitized by the louse subspecies G. c. coronadoi (Price 
and Hellenthal 1989).  These gophers and their lice correspond to localities 1-7 in this study 
(although no lice of this subspecies were found at localities 4 and 6), and they are distributed 
across the northern range of the C. merriami species complex (Table 2.1 and Fig. 2.1).  There 
is weak support for monophyly of G. c. coronadoi (Fig. 2.3), but lice from locality 1 (Irolo) 
are, on average, 10.43% divergent (uncorrected p distance) from other G. coronadoi lice 
parasitizing C. perotensis.  Although the louse specimens from Irolo key morphologically to 
G. coronadoi, it is possible that they represent a cryptic species or subspecies.  Discriminant 
function analysis misclassified lice from Irolo as G. c. saccharalis, although with low support 
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(<80% confidence).  Additional morphological work will be necessary to determine if cryptic 
taxa exist within what is presently known as G. c. coronadoi 
 2.4.2. Relationships within the Geomydoecus mexicanus Complex 
 Geomydoecus fulvescens is the only louse species of the G. mexicanus species 
complex that parasitizes Cratogeomys fulvescens.  This louse species is morphologically 
distinct (Fig. 2.5A) from other representatives of the G. mexicanus complex, but phylogenetic 
analyses using mitochondrial data conflict regarding the monophyly of G. fulvescens (Figs 2.2 
and 2.3).  Parsimony analysis strongly supports monophyly of the G. fulvescens clade, 
whereas ML and Bayesian analyses do not.  Statistical comparisons between the parsimony 
and ML and Bayesian trees, however, found no significant difference between the topologies.  
Additionally, when G. fulvescens was constrained to be monophyletic in ML phylogenetic 
analyses, the resulting trees were not significantly different from the trees in Fig. 2.3 (KH test 
[ML] p = 0.267; SH test [ML] p = 0.128).  Outgroup selection had no effect on the resulting 
MP or ML topologies (data not shown).  Lack of congruence between these phylogenetic 
methods may result from a parsimony artifact, such as long branch attraction, and simulation 
studies indicate that this is the case (data not shown).  Additionally, phylogenetic 
incongruence may have been caused by the G. fulvescens specimen from locality 10, which 
was genetically divergent compared to other G. fulvescens lice (average of 4.17% uncorrected 
sequence divergence, compared to 1.07% divergence among other G. fulvescens lice).  
Nevertheless, G. fulvescens from locality 10 is genetically more similar to other G. fulvescens 
than it is to other lice in the G. mexicanus species complex, and the consistency between the 
results of the parsimony analysis and the morphological analysis by Price and Emerson (1971) 
and Price and Hellenthal (1989) argues in favor of G. fulvescens monophyly. 
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 Geomydoecus perotensis is the only louse of the G. mexicanus species complex that 
parasitizes Cratogeomys perotensis.  The louse subspecies G. p. perotensis is known to 
parasitize C. perotensis in the states of Puebla, Tlaxcala, and Veracruz (localities 2 – 7 in this 
study; Price and Hellenthal, 1989), and G. p. irolonis was originally identified as a parasite of 
pocket gophers from the vicinity of Irolo, Hidalgo (locality 1 in this study; Price and 
Emerson, 1971).  Although Price and Hellenthal (1989) noted that G. p. perotensis and G. p. 
irolonis are differentiated morphologically by quantitative characters, these two subspecies do 
not form a monophyletic unit based on molecular (Figs 2.2 and 2.3) or morphological data.  
Instead, lice from Irolo (G. p. irolonis) cluster with lice parasitizing the gopher species C. 
merriami and are roughly 10% genetically divergent (uncorrected p distance) from other lice 
parasitizing C. perotensis.  When louse specimens of G. p. perotensis were constrained to 
group with other G. perotensis in MP and ML phylogenetic analyses, the resulting trees were 
significantly different from the trees in Figs 2.2 and 2.3 (KH test [MP] p = 0.0009; KH test 
[ML] p = 0.004; SH test [ML] p = 0.002).  Although these louse specimens key 
morphologically to G. perotensis, it is clear that G. p. irolonis is genetically distinct from G. 
p. perotensis and therefore may represent a cryptic species or subspecies.  Alternatively, it is 
possible that the lice from Irolo possess an ancestral haplotype that is similar to those of G. 
mexicanus and G. traubi, and may cluster with these specimens because of incomplete lineage 
sorting.  Interestingly, when discriminant function analyses were performed allowing the 
analysis to assess species assignment of G. perotensis from Irolo, these specimens were 
identified as either G. mexicanus or G. traubi with high probability (>80%).  Additionally, 
when morphological analyses were performed assessing clade membership, all lice 
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parasitizing Cratogeomys merriami as well as G. p. irolonis appear to from a distinct group 
(Fig. 5B).  Examination of additional nuclear markers will be necessary to resolve this issue. 
 Phylogenetic analysis of mitochondrial data results in a paraphyletic G. traubi (Figs 
2.2 and 2.3) in which two distinct clades of G. traubi parasitize the host C. merriami.  The 
clade of G. traubi from San Miguel Xoxtla and Coatepec (localities 13 and 16; Tables 2.1 and 
2.2; Fig. 2.1) is, on average, 8.59% divergent (uncorrected p distance) from the clade of G. 
traubi from Texcoco (localities 14 and 15; Tables 2.1 and 2.2; Fig. 2.1).  When louse 
specimens of G. traubi were constrained to group together in MP and ML phylogenetic 
analyses, the resulting trees were significantly different from the trees in Figs 2.2 and 2.3 (KH 
test [MP] p = 0.0001; KH test [ML] p = 0.005; SH test [ML] p = 0.004).  The specimens 
belonging to these two clades key morphologically to G. traubi, but they clearly represent 
mitochondrially distinct taxa and therefore potentially cryptic species (see below).  However, 
as with G. perotensis, it is possible that incomplete lineage sorting of mitochondrial lineages 
has caused the apparent paraphyly of G. traubi.  Future morphological analyses and molecular 
studies of nuclear markers will be necessary to determine the systematic status of G. traubi. 
 Although both G. mexicanus and G. traubi parasitize C. merriami, these louse species 
are distinct morphologically (Price and Hellenthal, 1989).  Genetically, however, G. 
mexicanus from Atlixco (locality 12) and G. traubi from Texcoco (localities 14 and 15; 
Tables 2.1 and 2.2; Fig. 2.1) are approximately 2% divergent (uncorrected p distance).  
Discriminant function analysis often misclassifies one of the lice from Texcoco (G. traubi 15 
– CNMA 41819) as G. mexicanus (in both the normal analysis and when the program is 
allowed to assign species status to this specimen).  Additionally, when morphological 
analyses were performed assessing clade membership, all lice parasitizing Cratogeomys 
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merriami appear to form a distinct group (Fig. 2.5B).  Although lice parasitizing C. merriami 
key morphologically to different species, some of these lice (G. mexicanus and G. traubi from 
Texcoco) may be more similar to each other than previously thought. 
2.5. Taxonomic Conclusions 
The only other phylogenetic analysis including lice from both the Geomydoecus 
coronadoi and G. mexicanus species complexes was based on morphology (Page et al. 1995).  
Page et al. did not identify the G. coronadoi and G. mexicanus species complexes as sister 
taxa, but they acknowledged that their morphological data might contain a considerable 
amount of homoplasy.  Exhaustive sampling of all louse taxa parasitizing pocket gophers will 
be necessary to determine if the G. coronadoi and G. mexicanus species complexes are, in 
fact, sister taxa.  More importantly, however, it is clear that these two species complexes are 
distinct groups based on both morphology (Price and Emerson 1971; Price and Hellenthal 
1989) and molecules (mitochondrial COI gene and nuclear EF-1α gene). 
Below is a taxonomic review of lice known to parasitize pocket gophers of the 
Cratogeomys merriami species group.  Included in this review are the known hosts and 
localities of each louse subspecies based on data from this study, Price and Hellenthal (1989), 
and Hafner et al. (in press).  All localities are in Mexico.  For identification keys, refer to 
Price and Emerson (1971) and Price and Hellenthal (1989). 
Geomydoecus coronadoi complex 
Geomydoecus coronadoi coronadoi Barrera 
Geomydoecus geomydis coronadoi Barrera 1961: 116.  HOLOTYPE, one male specimen (no 
 specimen number), Ricardo Coronado Padilla, in the personal collection of Alfredo 
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 Barrera), ex Cratogeomys perotensis estor [= Cratogeomys perotensis; Hafner et al. 
 (in press)], VERACRUZ: Las Vigas. 
Geomydoecus coronadoi coronadoi: Price and Hellenthal 1989: 393.  Elevation to species 
 rank and first use of current name combination. 
Type Host.—Cratogeomys perotensis Merriam 1895.  The taxa Pappogeomys 
merriami estor (Merriam 1895), Pappogeomys merriami perotensis Merriam 1895, 
Pappogeomys merriami irolonis (Nelson and Goldman 1934), and Pappogeomys merriami 
peraltus (Goldman 1937) have been synonymized under Cratogeomys perotensis (Hafner et 
al. in press). 
Known Localities.—HIDALGO: Irolo.  PUEBLA: 5.5 km N, 3 km W Pico de Orizaba; 
2.5 km N Zaragosa.  TLAXCALA: Llanos de Teopa, 8 km N Tlaxco.  VERACRUZ: 6 km SSE 
Altotonga; Cofre de Perote, 1 km SSW El Conejo; 7 km SE Jalacingo; Las Vigas; 2 km E Las 
Vigas; 2 km S Las Vigas; 3 km E Las Vigas; 9 km NE Perote; 10 km SE Perote; 1 mi NW 
Pescados (localities 1 – 3, 5, 7, 19, and 20; Fig. 2.1). 
Remarks.—Geomydoecus coronadoi coronadoi parasitizes only Cratogeomys 
perotensis, but was not found at localities 4 and 6 in this study (see Discussion).  The lice 
from locality 1 (Irolo), however, are roughly 10% divergent (uncorrected p distance) from 
other G. c. coronadoi.  Although the louse specimens from Irolo key morphologically to G. 
coronadoi and are misclassified in discriminant function analyses, it is possible that they 
represent a cryptic species or subspecies.  Additional morphological work will be necessary to 




Geomydoecus coronadoi submerriami Price and Hellenthal 
Geomydoecus coronadoi submerriami: Price and Hellenthal 1989: 393.  HOLOTYPE, one 
female  specimen (19-VII-1952, R. J. Russell, in collection of the University of Kansas), ex 
 Pappogeomys merriami merriami [= Cratogeomys merriami; Hafner et al. (in press)] 
 (KU 49540), MÉXICO: 5 mi S, 1 mi W Texcoco. 
Type Host.—Cratogeomys merriami (Thomas 1893).  The taxa Pappogeomys 
merriami merriami (Thomas 1893), Cratogeomys oreocetes Merriami 1895, and Cratogeomys 
peregrinus Merriam 1895 have been synonymized under Cratogeomys merriami (Hafner et 
al. in press). 
Known Localities.—DISTRITO FEDERAL: 4 mi S Churubusco; Gregorio Atapulco.  
MÉXICO: 5 mi E Amecameca; Chapingo; Río Frio; 5 km W Río Frio; 14 km S, 2.5 km W Río 
Frio; 5 mi S and 1 mi W Texcoco; 5 km SSW Texcoco; 15 km SSW Texcoco; Volcan 
Iztaccíhuatl, 4 km N Paso de Cortéz; Volcan Popcatépetl, 1 km NW Tlamacas.  PUEBLA: 
Texmelucan.  TLAXCALA: 8 km S, 7 km W Calpulalpan (localities 14 – 18; Fig. 2.1). 
Remarks.—Geomydoecus coronadoi submerriami appears to be restricted to central 
and western populations of the host species (localities 14 – 15; Fig. 2.1).  It is unknown if lice 
from locality 16 of this study (MÉXICO: 2 km SE Coatepec) are G. c. submerriami or a new 
subspecies.  Additional morphological examination will be necessary to verify the subspecific 
status of lice from this locality. 
Geomydoecus coronadoi saccharalis Price and Hellenthal 
Geomydoecus coronadoi saccharalis: Price and Hellenthal 1989: 394.  HOLOTYPE, one female
 specimen (9-VIII-1954, R.W. Dickerman, in collection of the University of Kansas),
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  ex Pappogeomys merriami saccharalis [= Cratogeomys merriami; Hafner et al. (in 
 press)] (KU 62518), PUEBLA: 2 mi S Atlixco. 
Type Host.—Cratogeomys merriami (Thomas 1893).  The taxon Pappogeomys 
merriami saccharalis (Nelson and Goldman 1934) has been synonymized under Cratogeomys 
merriami (Hafner et al. in press). 
Known Localities.—PUEBLA: Atlixco; 1 km S Atlixco; 2 mi S Atlixco; 1 km SE San 
Miguel Xoxtla (localities 12 and 13; Fig. 2.1). 
Remarks.—Geomydoecus coronadoi saccharalis appears to be restricted to eastern 
populations of the host C. merriami (localities 12 and 13; Fig. 2.1).  Price and Hellenthal 
(1989) noted that G. c. submerriami and G. c. saccharalis are separated only by quantitative 
differences not worthy of more than subspecies recognition (Price and Hellenthal 1989).  
Morphological analysis in this study also indicates that there is little difference between these 
subspecies even though they are geographically isolated (Fig. 2.5B).  Additional collections 
and morphological analyses will be necessary to determine if G. c. submerriami and G. c. 
saccharalis warrant subspecific recognition. 
Geomydoecus veracruzensis Price and Emerson 
Geomydoecus veracruzensis: Price and Emerson 1971: 255.  HOLOTYPE, one female specimen 
 (19-XI-1946, in collection of University of Kansas), ex Pappogeomys merriami 
 fulvescens [= Cratogeomys fulvescens; Hafner et al. (in press)] (KU 19351), 
 VERACRUZ: Limón. 
Type Host.—Cratogeomys fulvescens Merriam 1895.  The taxon Pappogeomys 
merriami fulvescens (Merriam 1895) has been synonymized under Cratogeomys fulvescens 
(Hafner et al. in press). 
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Known Localities.—PUEBLA: Chalchicomula [= Ciudad Serdán]; 1 km SE Ciudad 
Serdán.  TLAXCALA: Huamantla.  VERACRUZ: Guadalupe Victoria; Limón; 2 km W Limón; 3 
km W Limón; 2 km E Perote; 2 km N Perote; 2 km NE Perote (localities 8, 10, and 11; Fig. 
2.1). 
Remarks.—Geomydoecus veracruzensis parasitizes only Cratogeomys fulvescens, but 
was not found at locality 9 in this study. 
Geomydoecus mexicanus complex 
Geomydoecus fulvescens Price and Emerson 
Geomydoecus fulvescens: Price and Emerson 1971: 256.  HOLOTYPE, one male specimen (19-
 XI-1946, in collection of University of Kansas), ex Pappogeomys merriami fulvescens 
 [= Cratogeomys fulvescens; Hafner et al. (in press)] (KU 19351), VERACRUZ: Limón. 
Type Host.—Cratogeomys fulvescens (Merriam 1895).  The taxon Pappogeomys 
merriami fulvescens Merriam 1895 has been synonymized under Cratogeomys fulvescens 
(Hafner et al. in press). 
Known Localities.—PUEBLA: Chalchicomula [= Ciudad Serdán]; 1 km SE Ciudad 
Serdán; Guadalupe Victoria; 1 km NW Zacatepec.  TLAXCALA: Huamantla.  VERACRUZ: 
Guadalupe Victoria; Limón; 2 km W Limón; 3 km W Limón; Perote; 2 km E Perote; 2 km N 
Perote; 2 km NE Perote (localities 8 – 11; Fig. 2.1). 
Remarks.—Geomydoecus fulvescens parasitizes only Cratogeomys fulvescens and was 
found at all localities of C. fulvescens sampled by Hafner et al. (in press). 
Geomydoecus mexicanus Price and Emerson 
Geomydoecus mexicanus: Price and Emerson 1971: 256.  HOLOTYPE, one male specimen (9-
 VIII-1954, R.W. Dickerman, in collection of University of Kansas), ex. Pappogeomys 
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 merriami saccharalis [= Cratogeomys merriami; Hafner et al. (in press)] (No. 4248), 
 PUEBLA: Atlixco. 
Type Host.—Cratogeomys merriami (Thomas 1893).  The taxon Pappogeomys 
merriami saccharalis (Nelson and Goldman 1934) has been synonymized under Cratogeomys 
merriami (Hafner et al. in press). 
Known Localities.—PUEBLA: Altixco; 1 km S Atlixco; 2 mi SW Atlixco; 2 mi S 
Atlixco (locality 12; Fig. 2.1). 
Remarks.—Geomydoecus mexicanus is known only from the vicinity of Atlixco, 
Puebla, and was found on all three of the Cratogeomys merriami specimens collected by 
Hafner et al. (in press) from this region.  Based on mitochondrial DNA, G. mexicanus is 
similar to the Texcoco clade of G. traubi (localities 14 and 15; Figs. 2.2 and 2.3), although 
this similarity may result from the retention of an ancestral haplotype (see Discussion).  
Morphological analyses also indicate that there is more similarity among lice parasitizing C. 
merriami (especially G. mexicanus and G. traubi from Texcoco) than previously thought. 
Geomydoecus perotensis perotensis Price and Emerson 
Geomydoecus perotensis perotensis: Price and Emerson 1971: 256.  HOLOTYPE, one male 
 specimen (4-XI-1946, in collection of University of Kansas), ex Pappogeomys 
 merriami estor [= Cratogeomys perotensis; Hafner et al. (in press)] (KU 19338), 
 VERACRUZ: Las Vigas. 
Type Host.—Cratogeomys perotensis Merriam 1895.  The taxa Pappogeomys 
merriami estor (Merriam 1895), Pappogeomys merriami perotensis (Merriam 1895), and 
Pappogeomys merriami peraltus (Goldman 1937) have been synonymized under 
Cratogeomys perotensis (Hafner et al. in press). 
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Known Localities.— PUEBLA: 5.5 km N, 3 km W Pico de Orizaba; 2.5 km N 
Zaragosa.  TLAXCALA: Llanos de Teopa, 8 km N Tlaxco.  VERACRUZ: 6 km SSE Altotonga; 
Cofre de Perote, 1 km SSW El Conejo; Cruz Blanca; 7 km SE Jalacingo; Las Vigas; 2 km E 
Las Vigas; 2 km S Las Vigas; 3 km E Las Vigas; 9 km NE Perote; 2 km S Sierra de Agua 
(localities 2 – 7, 19, and 20; Fig. 2.1). 
Remarks.—This louse subspecies parasitizes only the eastern populations of 
Cratogeomys perotensis.  This subspecies may be morphologically distinct from G. p. 
irolonis, although additional sampling and morphological analyses are necessary (see below). 
Geomydoecus perotensis irolonis Price and Emerson 1971 
Geomydoecus perotensis irolonis: Price and Emerson 1971: 256.  HOLOTYPE, one female 
 specimen (24-VII-1952, in collection of University of Kansas), ex Pappogeomys 
 merriami irolonis [= Cratogeomys perotensis; Hafner et al. (in press)] (KU 48539), 
 HIDALGO: Apan. 
Type Host.—Cratogeomys perotensis Merriami 1895.  The taxon Pappogeomys 
merriami irolonis (Nelson and Goldman 1934) has been synonymized under Cratogeomys 
perotensis (Hafner et al. in press). 
Additional Hosts.—Cratogeomys fumosus (Merriam 1903).  This host species now 
includes Pappogeomys tylorhinus tylorhinus (Merriam 1895); see Hafner et al. (2004). 
Known Localities.—Ex. C. perotensis: HIDALGO: Apan; Irolo (locality 1; Fig. 2.1).  Ex. C. 
fumosus: HIDALGO: 4 mi S Pachuca; 6 mi S Pachuca; 85 km N Mexico City.  MÉXICO: 
Piramides de San Juan Teotihuacan; San Agustin Acolman; 5 km NW Texcoco; Venta de 
Carpio (Fig. 2.1). 
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Remarks.—Geomydoecus perotensis irolonis appears to be restricted to the 
westernmost populations of Cratogeomys perotensis and was collected from both of the 
specimens examined by Hafner et al. (in press).  Price and Hellenthal (1989) noted that G. p. 
perotensis and G. p. irolonis are differentiated morphologically only by quantitative 
characters.  This study also found that the two subspecies may be morphologically 
differentiated, although increased sampling is necessary to confirm this observation.  Analysis 
of mitochondrial DNA showed G. p. perotensis and G. p. irolonis to be approximately 10% 
genetically divergent (uncorrected p distance), and they did not form a monophyletic unit 
within the G. mexicanus species complex (Figs. 2.2 and 2.3).  These results suggest that G. p. 
irolonis and G. p. irolonis may represent distinct species.  It is also possible that G. p. irolonis 
possesses an ancestral haplotype and may cluster with other species because of incomplete 
lineage sorting.  Examination of markers from the nuclear genome will be necessary to 
resolve this issue. 
Geomydoecus traubi Price and Emerson 1971 
Geomydoecus traubi: Price and Emerson 1971: 257.  HOLOTYPE, one male specimen (23-IX-
 1946, in collection of University of Kansas), ex Pappogeomys merriami merriami [= 
 Cratogeomys merriami; Hafner et al. (in press)] (KU 19327), MÉXICO: Río Frio. 
Type Host.—Cratogeomys merriami (Thomas 1893).  The taxa Pappogeomys 
merriami merriami (Thomas 1893), Cratogeomys oreocetes Merriam 1895, and Cratogeomys 
peregrinus Merriam 1895, have been synonymized under Cratogeomys merriami (Hafner et 
al. in press). 
Additional Hosts.—Cratogeomys planiceps (Merriam 1895).  This host species now 
includes Pappogeomys tylorhinus planiceps (Merriam 1895); see Hafner et al. (2004). 
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Known Localities.—Ex. C. merriami: DISTRITO FEDERAL: 4 mi S Churubusco.  
MÉXICO: 5 mi E Amecameca; Chapingo; 2 km SE Coatepec; Lagunas de Zempoala; Río Frio; 
5 km W Río Frio; 14 km S, 2.5 km W Río Frio; 5 mi S Texcoco; 5 km SSW Texcoco; 15 km 
SSW Texcoco; Volcan Iztaccíhuatl, 4 km N Paso de Cortéz; Volcan Popcatépetl, 1 km NW 
Tlamacas.  PUEBLA: 1 km SE San Miguel Xoxtla; Texmelucan.  TLAXCALA: 8 km S, 7 km W 
Calpulalpan (localities 13 – 18; Fig. 2.1).  Ex. C. planiceps: MÉXICO: Islo; Nevado de Toluca; 
N slope Nevado de Toluca; Toluca; 12 mi NNE Valle de Bravo (Fig. 2.1). 
 Remarks.—This study found G. traubi to be paraphyletic with two distinct clades of 
G. traubi parasitizing the gopher C. merriami.  The two clades are approximately 9% 
divergent (uncorrected p distance for the mitochondrial COI gene).  Morphologically, the 
specimens belonging to these two clades key to G. traubi but they may represent cryptic 
species, especially given the morphological and molecular similarity of G. traubi from 
Texcoco and G. mexicanus (see Discussion).  It is also possible that incomplete lineage 
sorting of mitochondrial lineages has caused the apparent paraphyly of G. traubi.  Additional 
morphological and molecular studies of nuclear markers will be necessary to determine the 
systematic status of G. traubi. 
2.6. General Conclusions 
Previously, it was considered unlikely that two congeneric species of lice could 
coexist on the same pocket gopher for any meaningful period of time (Timm 1983; Hellenthal 
and Price 1984).  However, based on our collections and those of Price and Hellenthal (1989), 
it is clear that lice of the G. coronadoi and G. mexicanus species complexes are able to 
coexist.  In fact, Price and Hellenthal (1989) noted only a few instances in which only one 
Geomydoecus species was found on an individual gopher host and in this study, only three 
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host individuals appeared to host only one species of louse (although a second louse species 
may have been present in low numbers and not sampled).  Given that the lice Price and 
Hellenthal (1989) examined were brushed from the fur of museum specimens, some of which 
were collected many decades ago, it is clear that these two louse species complexes have been 
living together in a stable equilibrium for a long time.  Moreover, the fact that both louse 
species complexes show significant cophylogeny with the same host lineage (see Chapter 3) 
suggests that their coexistence dates to the origin of the entire C. merriami species group.  
Clearly, these lice have evolved a way to partition available resources, as documented for the 
louse genera Thomomydoecus and Geomydoecus on the gopher host Thomomys bottae by 
Reed et al. (2000).  Future ecological studies of lice parasitizing hosts of the C. merriami 
group will be necessary to reveal the intricacies of their coexistence. 
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CHAPTER 3. COPHYLOGENY AND MOLECULAR RATE 
COMPARISONS BETWEEN GEOMYDOECUS CHEWING LICE  
AND THEIR POCKET GOPHER HOSTS  
(CRATOGEOMYS MERRIAMI SPECIES GROUP) 
 
3.1. Introduction 
This analysis will investigate the historical association between pocket gophers of the 
Cratogeomys merriami species group and parasitic chewing lice that belong to two distinct 
species complexes, the Geomydoecus coronadoi and G. mexicanus species complexes.  These 
two independent lineages of lice serve as natural replicates of each other and, in theory, two 
ecologically similar species parasitizing the same host are expected to show similar 
coevolutionary histories because they respond in the same way to the isolation and speciation 
of their hosts (Johnson and Clayton 2003).  The only published cophylogenetic analysis of 
two related ectoparasites coexisting on the same hosts involved doves and their wing and 
body lice (Clayton and Johnson 2003; Johnson and Clayton 2003).  Because wing and body 
lice have somewhat different ecologies and show different levels of host specificity, it is not 
surprising that only the body lice showed significant cospeciation in these studies. 
The present study differs from aforementioned studies in that the two parasite groups, 
the G. coronadoi and the G. mexicanus species complexes, belong to the same louse genus 
and show equal amounts of host specificity.  Cophylogeny will be assessed between these two 
independent louse lineages and their gopher hosts using tree-based, distance-based, and data-
based methods of cophylogenetic analysis.  As discussed in Chapter 1, use of multiple tree-
based and data-based methodologies allows for comparison of their utility in cospeciation 
analyses.  If significant cophylogeny is found between pocket gophers and their parasitic lice, 
evolutionary rates will be compared between these divergent taxa. 
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3.2. Methods 
3.2.1. Parasite and Host Phylogenies 
The pocket gopher phylogeny was obtained from Hafner et al. (in press; Fig. 3.1), 
which presented a strongly supported phylogeny of three gopher species (Cratogeomys 
merriami, C. fulvescens, and C. perotensis) across their geographic distribution based on 
morphological, chromosomal, and molecular data.  The only complication in that study 
involved the phylogenetic placement of a single gopher specimen from San Miguel Xoxtla in 
Puebla, Mexico (Figure 2.1; locality 13; CNMA 41826).  Although this specimen possessed 
the nuclear genotype, karyotype, and morphology of C. merriami, it possessed the 
mitochondrial haplotype of C. perotensis (Hafner et al. in press).  Hafner et al. suggested that 
this specimen was a C. merriami individual that had retained a C. perotensis mitochondrial 
haplotype because of incomplete lineage sorting, but this explanation could not be verified 
definitively.  In the present study, this gopher specimen is constrained as the outgroup to all 
other C. merriami specimens (this tree did not differ significantly from the best mtDNA tree 
presented by Hafner et al. in press; Fig 3.2).  Because the exact placement of this specimen in 
the host phylogeny is unknown, it is expected that its assignment to C. merriami may result in 
some phylogenetic incongruence between hosts and parasites. 
Chewing lice analyzed in the present study were collected from the pocket gophers 
used in the Hafner et al. (in press) analysis (Tables 2.1 and 2.2).  Critically, all parasites and 
hosts used in the following cophylogenetic analysis are true associates; the lice used in the 
parasite analysis were taken directly from the gopher individuals used in the host analysis.  
For all tests of phylogenetic congruence, the parasite phylogeny was obtained from the 




Figure 3.1.  Parsimony phylogram of the Cratogeomys merriami species group redrawn from 
Hafner et al. (in press).  Species names are followed by locality numbers (Fig. 2.1 and Table 
2.1) and museum specimen numbers (Table 2.2).  Phylogenetic analysis was based on two 
mtDNA genes, cytochrome b and cytochrome oxidase subunit I.  The specimen from locality 
13 (San Miguel Xoxtla, Puebla) groups with C. perotensis based on mtDNA data, but groups 
with C. merriami based on karyotype, morphology, and parasitological data. 
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Figure 3.2.  Maximum likelihood phylogram of the Cratogeomys merriami species group 
based on mtDNA data (Hafner et al. in press).  The specimen from locality 12 (San Miguel 
Xoxtla, Puebla) was constrained to group with other specimens of Cratogeomys merriami.  
This tree did not differ significantly from the best mtDNA presented by Hafner et al. (in 
press). 
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as monophyletic (see Chapter 2 for discussion).  In addition, multiple lice collected from 
locality 12 (G. coronadoi) and locality 8 (G. veracruzensis and G. fulvescens) were each 
constrained to be monophyletic (this constrained tree was not significantly different from the 
best tree obtained in Chapter 2; KH test p = 0.6 and SH test p = 0.3; Fig. 3.3). 
3.2.2. Tree-Based Methods 
Two different tree-based methods were used to test for phylogenetic congruence 
between host and parasite phylogenies: reconciliation analysis (Page 1990, 1994; Charleston 
and Page 2002) and generalized parsimony (Ronquist 1995, 2000, 2003).  Because the G. 
coronadoi and G. mexicanus species complexes are two independent lineages based on 
morphological (Price and Hellenthal 1989) and genetic evidence (Chapter 2), each lineage 
was compared separately with the gopher hosts.  To avoid redundancy, the host and parasite 
phylogenies were pruned so that only one representative from each locality was analyzed for 
phylogenetic congruence.  Localities 4 and 5 also were treated as one locality (Tables 2.1 and 
2.2; Fig. 2.1) because of their close geographic proximity and the high genetic similarity 
between hosts (0.186% uncorrected p distance) and parasites (0.098% uncorrected p distance 
for G. perotensis) from the two localities.  Because a specimen of G. coronadoi was not 
recovered from C. perotensis LSUMZ 36070, C. perotensis CNMA 41909, or C. fulvescens 
CNMA 41907, only 13 host-parasite comparisons were available for the G. coronadoi 
complex versus 15 comparisons for the mexicanus complex (Table 2.2).  Figure 3.4 shows the 
pruned host and parasite phylogenies for the G. coronadoi complex, and Fig. 3.5 shows the 




Figure 3.3.  Phylogram resulting from maximum likelihood analyses of the COI gene for the 
Geomydoecus coronadoi (upper) and G. mexicanus (lower) species complexes.  This 
phylogeny was constrained to include a monophyletic G. fulvescens, and monophyly of the 
localities Atlixco (locality 12; Tables 2.1 and 2.2; Fig. 2.1) for G. coronadoi, Perote (locality 
8; 2.1 and 2.2; Fig. 2.1) for G. fulvescens, and Perote for G. veracruzensis.  Species names are 
followed by locality numbers (Fig. 2.1 and Table 2.1) and museum specimen numbers for the 




Figure 3.4.  Pruned phylogenies of pocket gophers (A) and their parasites of the G. coronadoi 
species complex (B).  Only one host taxon and its parasitic lice were chosen from localities 
where multiple hosts were collected.  Additionally, localities 4 and 5 were treated as one 




Figure 3.5.  Pruned phylogenies of pocket gophers (A) and their parasites of the G. mexicanus 
species complex (B).  Only one host taxon and its parasitic lice were chosen from localities 
where more than host was collected.  Additionally, localities 4 and 5 were treated as one 
locality due to their geographic proximity and genetic similarity of both the hosts and 
parasites. 
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The host phylogeny for the C. fulvescens clade was not fully resolved (Figs. 3.1, 3.2, 
and 3.5).  Because some tree-based methods cannot handle polytomies, the three host and 
parasite taxa involved in this polytomy (locality 9, CNMA 41907; locality 10, CNMA 41823; 
and locality 11, CNMA 41908) were treated individually in separate cophylogeny analyses.  
As a result, there were two cophylogeny comparisons between the lice belonging to the G. 
coronadoi complex and their hosts (12 host-parasite pairs per comparison), and three 
cophylogeny comparisons between lice belonging to the G. mexicanus complex and their 
hosts (13 host-parasite pairs per comparison).  For the cophylogeny analyses of the G. 
coronadoi complex and their hosts, the “cor1” comparison included the host and parasite from 
locality10, but not locality 11, and the “cor2” comparison included host and parasite from 
locality 11, but not locality 10 (Table 2.1).  For the cophylogeny analyses of the G. mexicanus 
complex and their hosts, the “mex1” comparison included the host and parasite from locality 
10, but not localities 9 and 11, the “mex2” comparison included the host and parasite from 
locality 9, but not localities 10 and 11, and the “mex3” comparison included the host and 
parasite from locality 11, but not localities 9 and 10 (Table 2.1). 
3.2.2.1. Reconciliation Analysis 
Reconciliation analysis (discussed in Chapter 1) was performed using TreeMap 2.0β 
(implementing the jungles algorithm) to find the least costly reconstruction of host-parasite 
relationships while maximizing the number of codivergence events.  Host-parasite 
relationships were reconstructed using TreeMap 2.0β for all possible cophylogeny 
comparisons (cor1, cor2, mex1, mex2, and mex3).  The default settings of TreeMap 2.0β were 
used (assigning a cost of zero for codivergence events, and a cost of one for host switches, 
losses, and duplications).  Because reconciliation analysis incorporating the jungles algorithm 
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can be computationally intensive (Jackson 2004a; Jackson and Charleston 2004), the analysis 
was repeated several times for each cophylogeny comparison increasing the maximum 
number of host switching events by one for each analysis until a solution with the highest 
number of cospeciation events and the lowest cost was found.  To determine whether the 
number of cospeciation events recovered from the reconciliation analysis was significant, the 
parasite tree was randomized 10,000 times and the observed number of cospeciation events 
was compared to the null distribution of cospeciation events derived from this randomization 
procedure. 
3.2.2.2. Generalized Parsimony 
 TreeFitter 1.0 (Ronquist 1998, 2000) is used to reconcile host and parasite phylogenies 
by searching for the minimum cost reconstruction under various event cost assignments for 
each historical event (codivergence, duplication, extinction, and host switching).  Host-
parasite relationships were reconstructed using TreeFitter 1.0 for all possible cophylogeny 
comparisons (cor1, cor2, mex1, mex2, and mex3).  Analyses were performed using seven 
different cost assignments: 1) TreeFitter default (costs for codivergence, duplication, sorting 
events, and switches are [0,0,1,2], respectively; 2) host switch-adjusted TreeFitter default 
[0,0,1,1]; 3) codivergence adjusted TreeFitter default [1,0,1,1]; 4) equal weights [1,1,1,1]; 5) 
TreeMap 2.0β default [0,1,1,1]; 6) no cost assigned to sorting events and switches [1,1,0,0]; 
and 7) no cost assigned to switches [1,1,1,0].  These last two cost assignments were chosen 
only for comparative purposes, and reconciliation of host and parasite phylogenies was not 
expected.  Overall cost and the frequency of each event were estimated using these cost 
assignments.  To assess the significance of the historical reconstruction, the host tree was 
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fitted (or randomized upon the parasite tree) with 1,000 random permutations (generated by a 
Markov process) of parasite tree terminals. 
3.2.3. Distance-Based Methods 
The null hypothesis of random association between hosts and parasites was assessed 
using ParaFit (Legendre 2001a; Legendre et al. 2002).  Because ParaFit was able to 
accommodate multiple parasites per host lineage, the full host and parasite phylogenies (Figs. 
3.1 and 3.2) and the pruned phylogenies (Figs. 3.4 and 3.5) were tested for congruence.  In the 
pruned comparisons, all specimens representing unique localities were included because 
ParaFit is able to accommodate polytomies.  Matrices representing the pocket gopher and 
louse phylogenies were derived from maximum likelihood estimates of pairwise genetic 
distances using model parameters derived from both hierarchical likelihood ratio tests 
(hLRTs) and the Akaike Information Criterion (AIC).  For multiple specimens collected from 
the same locality, the average genetic distance was used (Table 2.1 and 2.2).  Distance 
matrices were converted to principal coordinate matrices using the programs DistPCoA 
(Legendre and Anderson 1998) and the R Package (Casgrain and Legendre 2001).  Tests of 
random association were performed with 999 permutations globally across both phylogenies 
and for each individual host-parasite association. 
3.2.4. Data-Based Methods 
Data-based methods were performed only if significant cophylogeny resulted from 
analyses using tree-based methods.  Data-based methods used in this analysis included the 
KH and SH tests (Kishino and Hasegawa 1989; Shimodaira and Hasegawa 1999; Goldman et 
al. 2000), likelihood ratio tests (LRT; Huelsenbeck et al. 1997, 2000), and the incongruence 
length difference test (ILD test; Johnson et al. 2001).  KH and SH tests, and LRTs test 
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whether the data underlying the host and parasite trees are consistent with the null hypothesis 
of identical topologies (Huelsenbeck et al. 1997, 2003).  These congruence-based methods 
assume significant cophylogeny and attempt to determine the source of any observed 
topological incongruence between host and parasite phylogenies.  If the null hypothesis is 
rejected, it is assumed that historical events such as host switching or parasite extinction 
caused observed topological incongruence, whereas if the null hypothesis is not rejected, 
topological incongruence is assumed to be the result of sampling error (e.g., inadequate taxon 
sampling or a limited number of informative sites). 
In each analysis, the G. coronadoi and G. mexicanus species complexes were analyzed 
separately.  Because a specimen of G. coronadoi was not recovered from C. perotensis 
LSUMZ 36070, C. perotensis CNMA 41909, or C. fulvescens CNMA 41907, only 13 host-
parasite comparisons were available for the G. coronadoi complex versus 15 comparisons for 
the mexicanus complex (Table 2.2).  Unlike many tree-based methods, data-based methods 
can handle polytomies.  Therefore, lack of resolution in the host phylogeny (Figs. 3.1 and 3.2) 
had no effect on many of the analyses.  For consistency with tree-based methods, however, 
the five cophylogeny comparisons (cor1, cor2, mex1, mex2, mex3) were performed for each 
data-based method whenever possible.  Additionally, to verify the utility of hierarchical 
likelihood ratio tests (hLRTs) and the Akaike Information Criterion (AIC) to choose the best 
model of evolution, KH and SH tests, and LRTs were performed using parameters selected by 
both the hLRT and AIC.  The effect of outgroup selection also was assessed by using zero, 




3.2.4.1. Kishino-Hasegawa and Shimodaira-Hasegawa Tests 
 The KH (Kishino and Hasegawa 1989) and SH tests (Shimodaira and Hasegawa 1999; 
Goldman et al. 2000) were used to compare trees estimated from alternative datasets in both a 
parsimony and likelihood framework (Peek et al. 1998; Clark et al. 2000).  The likelihood and 
parsimony scores obtained for the best parasite tree given the parasite data were compared to 
the score of the alternative host tree, also given the parasite data.  Under likelihood criteria, 
the likelihood parameters of this alternative host tree were optimized for the parasite data to 
maximize the likelihood score (Clark et al. 2000).  Similarly, the best host tree was compared 
to the score of the alternative parasite tree given the host data.  The differences between 
likelihood values were determined using RELL optimization and 1,000 nonparametric 
bootstrap replicates as implemented in PAUP*b4.10 (Swofford 2002; Degnan et al. 2004). 
  3.2.4.2. Likelihood Ratio Tests 
The likelihood-ratio test (LRT; Huelsenbeck et al. 1997) was used to test whether 
sampling error could explain dataset heterogeneity.  The likelihoods of the parasite and host 
datasets across alternative topologies (the parasite and host topologies) were obtained in the 
same manner as described above for the KH and SH tests.  The difference between the 
parasite and host trees was determined using the likelihood-ratio test statistic.  The 
significance of this likelihood-ratio test statistic was calculated using parametric 
bootstrapping.  The test statistic was compared to a distribution of likelihood scores generated 
under the null hypothesis of identical topologies given the host and parasite datasets 
(Huelsenbeck et al. 1997).  The null distribution of likelihood scores was constructed by 
optimizing likelihood parameters for each dataset given the constrained tree.  The program 
SeqGen 1.3.2 (Rambaut and Grassly 1997) using the graphical interface SG Runner 2.0 (T.P. 
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Wilcox; http://homepage.mac.com/tpwilcox/SGRUNNER/FileSharing8.html) was used to 
generate 100 datasets (Monte Carlo simulation) using the optimized parameters and the 
constrained topology.  The likelihood ratio test statistic for the constrained and best topologies 
for each of these simulated datasets was calculated, and a null distribution of test statistics 
was constructed.  The test statistic derived from the empirical data was then compared to the 
null distribution to determine if phylogenetic conflict existed between datasets. 
  3.2.4.3. Incongruence Length Difference Test 
The parsimony-based partition homogeneity test, or the incongruence length 
difference test (ILD; Johnson et al. 2001), was used to determine if the parasite and host 
datasets underlie the same topology.  To simplify computational analysis and for comparative 
purposes, all five cophylogeny comparisons (cor1, cor2, mex1, mex2, and mex3) were 
assessed for incongruence using ILD tests performed with invariable sites removed 
(Cunningham 1997).  Host and parasite datasets were treated as partitions and the ILD test 
was performed using 1000 replicates.  A p value of 0.10 was used for significance testing to 
adjust for Type I error (Johnson et al. 2001), and a p value > 0.1 was interpreted as no 
significant incongruence between data partitions. 
In the case of rejection of the null hypothesis of strict cospeciation in favor of 
incongruence, taxa were sequentially deleted to identify the source (or sources) of 
incongruence.  First, single taxa (one host-parasite pair) were removed from the dataset and 
the ILD test was repeated.  This procedure was repeated for all single host-parasite 
associations, all possible couplets of hosts and their parasites, all possible triplets, etc., until 
there was no significant difference between data partitions.  This process identified the taxa 
responsible for the incongruence between datasets.  The ILD method (Johnson et al. 2001) 
110  
can be continued by separating the incongruent taxa from the rest of the dataset and exploring 
the potential explanations of the incongruence using reconciliation analyses.  Because several 
other methods were used in this study to compare host and parasite topologies and datasets 
and because of the phylogenetic constraints were imposed on the host phylogeny 
(constraining the gopher specimen near San Miguel Xoxtla to group with other Cratogeomys 
merriami specimens), the ILD method was stopped once the taxa causing dataset 
incongruence were identified. 
3.2.5. Comparisons of Molecular Rates 
If significant cophylogeny is found between hosts and their parasites, then it is 
possible to test if pocket gophers and their lice have undergone equivalent amounts of genetic 
differentiation while they have been associated.  The louse phylogeny was built using 1017 bp 
of the COI gene (see Chapter 2).  Only the homologous region of the COI gene from the 
pocket gophers was used in the rate comparisons, and these COI data were constrained to fit 
the best gopher tree based on the complete mtDNA dataset (Hafner et al. in press; KH and SH 
tests found no significant difference between the best COI topology and the constrained COI 
topologies). 
Meaningful comparisons of evolutionary rates require use of neutral or nearly neutral 
sites, such as fourfold degenerate sites, and these sites must be shown to conform to a 
molecular clock (Hafner et al. 1994).  Fourfold degenerate sites were identified for both 
pocket gophers and chewing lice using the program MEGA3 (Kumar et al. 2004).  These data 
were then forced to fit the best pocket gopher and chewing louse phylogenies (Figs. 3.2 and 
3.3), and likelihood ratio tests were used to determine if the pocket gopher and louse data 
showed a significant departure from clock-like behavior. 
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If significant cophylogeny exists and if the data conform to a molecular clock, timing 
of speciation events and rate of evolution can be compared in the host and parasite by direct 
comparison of analogous branch lengths in the host and parasite trees.  Branch lengths were 
averaged for those localities where multiple hosts and their chewing lice were collected.  
Because rate comparisons are meaningless between non-cospeciating host-parasite pairs, all 
such pairs were removed from the analysis.  Copath analysis, or identification of cospeciating 
pairs was performed according to the following three rules.  First, because much of the 
uncertainty in phylogenetic analyses involves deep branches, only terminal and subterminal 
branches were compared.  Therefore, equivalent host and parasite pairs that involved deep 
branches linking major clades were omitted.  Second, equivalent branches where either the 
host or parasite involved three or more nodes were omitted.  Third, to increase the statistical 
power of the tests, molecular rate comparisons were made only when there were six or more 
pairs of cospeciating taxa.  All possible combinations of cospeciating taxa meeting the above 
rules were tested for equivalent amounts of genetic differentiation, and outgroup taxa were 
not included in these comparisons. 
A Mantel test was performed on the genetic distance matrices of cospeciating hosts 
and parasites for all cophylogeny comparisons (cor1, cor2, mex1, mex2, and mex3) to test for 
significant association independent of phylogeny (Hafner and Nadler 1988, 1990; Page 1991).  
Branch lengths were compared between cospeciating hosts and parasites using Wilcoxon 
sign-rank tests and Model II regression analysis (Legendre 2001b).  The Wilcoxon sign-rank 
test assessed if branch lengths were significantly longer (or shorter) in one of the associated 
taxa (Hafner et al. 1994, Page 1996).  Model II regression analysis determined if one associate 
evolved faster or slower than the other (as assessed by the slope of the relationship) and 
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whether the parasite speciated before or after its host (as assessed by the intercept of the 
relationship; Hafner and Nadler 1990).  Additionally, to verify the utility of hierarchical 
likelihood ratio tests (hLRTs) and the Akaike Information Criterion (AIC) to choose the best 
model of evolution, branch lengths were calculated according to models of evolution selected 
by both the hLRT and AIC. 
3.3 Results 
3.3.1. Tree-Based Methods 
Reconciliation analyses using TreeMap 2.0β detected significant cophylogeny 
between both the Geomydoecus coronadoi and G. mexicanus species complexes and their 
pocket gopher hosts.  Each of the five reconciliation analyses (cor1, cor2, mex1, mex2, and 
mex3) resulted in high concordance between the COI gene trees for pocket gopher hosts and 
their ectoparasitic chewing lice (Figs. 3.6 and 3.7).  Reconciliation analysis of the cor1 and 
cor2 comparisons found 2 equally probable reconstructions with 16 codivergence events, 6 
duplications, 3 extinctions, 3 host switches, and a net cost of 12.  The 16 reconstructed 
codivergence events were greater than expected by chance (p < 0.001).  Reconciliation 
analysis of mex1, mex2, and mex3 comparisons found 6 equally probable reconstructions 
with 16 codivergence events, 8 duplications, 4 extinctions, 4 host switches, and a net cost of 
16.  Because of computational limitations, it was not possible to test if 5 host switches either 
decreased total cost or increased number of codivergence events for the G. mexicanus 
cophylogeny comparisons.  The 16 reconstructed codivergence events were greater than 
expected by chance (p < 0.002). 
Generalized parsimony using TreeFitter also detected significant cophylogeny 
between the C. merriami species group and their ectoparasitic lice (Table 3.1). 
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Figure 3.6.  Results of reconciliation analysis for lice belonging to the G. coronadoi complex and their pocket gopher hosts using 
TreeMap 2.0β.  Only results for the cor1 cophylogenetic comparison are shown here.  Dashed lines between the louse and gopher 
taxa indicate host-parasite associations.  Black dots at nodes indicate instances of perfect cophylogeny.  The number of 




Figure 3.7.  Results of reconciliation analysis for lice belonging to the G. mexicanus complex and their pocket gopher hosts using 
TreeMap 2.0β.  Only results for the mex1 cophylogenetic comparison are shown here.  Dashed lines between the louse and gopher 
taxa indicate host-parasite associations.  Black dots at nodes indicate instances of perfect cophylogeny. The number of 
reconstructed codivergence events was greater than expected by chance (p < 0.002). 
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Table 3.1.—Results of TreeFitter analyses for the Cratogeomys merriami species group and their ectoparasitic chewing lice in the 
Geomydoecus coronadoi and the G. mexicanus species complexes.  Columns indicate the number of each event type (expressed as 
ranges that result in equal total costs) necessary to reconcile the host and parasite trees under different event cost assignments. 
 
Geomydoecus coronadoi complex (cor1 and cor2) 
 
Event costsa  Cost  Codivergence  Duplication  Extinction  Host Switching 
 
0, 0, 1, 2    9b   8c        0 – 1        3 – 5   2 – 3 b 
0, 0, 1, 1    5 b   6 c          0            0       5 b 
1, 1, 1, 1   11           0 – 6 c          0            0    5 – 11 b 
0, 1, 1, 1    5 b   6 c          0            0       5 b 
1, 0, 1, 1   11           0 – 6 c          0            0    5 – 11b 
1, 1, 0, 0    0   0          0         0 – 16      11 
1, 1, 1, 0    0   0          0            0       11 
 
Geomydoecus mexicanus complex (mex1, mex2, and mex3) 
 
Event costsa  Cost  Codivergence  Duplication  Extinction  Host Switching 
 
0, 0, 1, 2   12 b   8 c          0            4       4 b 
0, 0, 1, 1    8           4 – 8 c          0         0 – 4   4 – 8 b 
1, 1, 1, 1   12           0 – 4          0            0    8 – 12 
0, 1, 1, 1    8           4 – 8 c          0         0 – 4   4 – 8 b 
1, 0, 1, 1   12           0 – 4          0            0    8 – 12 
1, 1, 0, 0    0   0          0         0 – 20      12 
1, 1, 1, 0    0   0          0            0       12 
 
aEvent costs are for codivergence, duplication, extinction, and host switching, respectively. 
bThe observed value is significantly less than that for randomized trees (p < 0.05). 
cThe observed value is significantly greater than that for randomized trees (p < 0.05). 
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For the G. coronadoi species complex (both cor1 and cor2), the host switch-adjusted 
TreeFitter default (event costs = 0,0,1,1) and TreeMap default (0,1,1,1) yielded the lowest 
overall costs.  This cost (5) is significantly less than random, and the number of codivergence 
events (6) is significantly greater than observed in random trees.  These reconstructions also 
estimated a total of 5 host switches, significantly fewer than observed in random trees.  The 
lowest overall cost estimated for the G. mexicanus complex (mex1, mex2, and mex3) was 8 
for the host switch-adjusted TreeFitter default (0,0,1,1) and TreeMap default (0.1,1,1).  This 
value, however, was not significantly lower than observed in random trees.  The number of 
codivergences (4 – 8) was significantly more and the number of host switches (4 – 8) was 
significantly less than observed in random trees.  The only significant overall cost (n9) was 
observed for the TreeFitter default (0,0,1,2).  This cost assignment also yielded a significant 
number of codivergences (8) and host switches (4).  When host switches or sorting events 
were not assigned a cost (1,1,1/0,0), no meaningful reconstruction was obtained for either 
louse species complex. 
3.3.2 Distance-Based Methods 
Global tests using ParaFit resulted in rejection of random association between host and 
parasite taxa (p = 0.03) when both species complexes were included in the analysis.  The tests 
of individual host-parasite pairs resulted in only five significant associations for G. 
veracruzensis and their C. fulvescens hosts (all specimens from localities 8, 10, and 11; p < 
0.007).  Random association between hosts and parasites also was rejected in the global tests 
of the G. coronadoi complex and their hosts (p = 0.001) and the G. mexicanus complex and 
their hosts (p = 0.002).  All individual associations between lice in the G. coronadoi species 
complex and their hosts were significant (p < 0.05) except for the taxa parasitizing C. 
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merriami (localities 12-16).  All individual associations between lice in the G. mexicanus 
species complex and their hosts were significant (p < 0.05) except for the louse parasitizing C. 
perotensis from locality 3 and the lice parasitizing C. merriami from localities 12-15.  Results 
from ParaFit analyses did not differ when distance matrixes were obtained using ML 
parameters determined by the hLRT or the AIC. 
3.3.3. Data-Based Method 
 Data-based methods were performed after tree and distance-based analyses to 
determine the causes of topological incongruence between pocket gopher and louse trees.  
KH, SH, and LRTs all found significant differences between the host and parasite datasets, 
thereby rejecting the null hypothesis that observed topological differences were caused by 
sampling error.  Thus, differences between host and parasite phylogenies were the result of 
other historical events such as host switching or extinction (see below).  Results of the KH, 
SH, and LRTs did not vary when analyses were performed using ML parameters determined 
by the hLRT or the AIC, and there were only minor differences in p values.  Similarly, 
outgroup choice had no effect on the results of the KH, SH, or LRT analyses.  In total, 59 KH 
and SH analyses and 60 LRTs were performed 
ILD tests showed a significant difference between host and parasite data partitions.  It 
was necessary to remove three host-parasite pairs in the cor1, cor2, and mex1 analyses and 
five pairs in the mex2 and mex3 analyses to render the difference between data partitions 
nonsignificant (p > 0.1).  In total, 298 ILD tests were required in the cor1 and cor2 analyses 
(12 ILD tests with one taxon pair removed, 66 ILD tests with two pairs removed, and 220 ILD 
tests with three pairs removed).  In the mex1 analysis, 377 ILD tests were required (13 ILD 
tests with one pair removed, 78 ILD tests with two pairs removed, and 286 ILD tests with 
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three pairs removed).  Lastly, 2379 ILD tests were required in the mex2 and mex3 analyses 
(13 ILD tests with one pair removed, 78 ILD tests with two pairs removed, 286 ILD tests with 
three pairs removed, 715 ILD tests with four pairs removed, and 1287 ILD tests with five 
pairs removed).  Removal of hosts and parasites from localities 1 (CNMA 41904), 13, and 15 
(Table 2.1 and Table 2.2; Figs. 3.3 and 3.4) was necessary to render the difference between 
data partitions nonsignificant for cor1 (p = 0.104) and cor2 (p = 0.125).  Removal of taxa 
from localities 1 (LSUMZ 34344), 6, and 16 (Table 2.1 and Table 2.2; Figs. 3.3 and 3.4) was 
necessary to remove the significant difference between data partitions for mex1 (p = 0.222).  
Removal of taxa from localities 1 (LSUMZ 34344), 7 (CNMA 41904), 8 (CNMA 41825), 9, 
and 16 (Table 2.1 and Table 2.2; Figs. 3.3 and 3.5) was necessary to render the difference 
between data partitions nonsignificant for mex2 (p = 0.245), and removal of hosts and 
parasites from localities 1 (LSUMZ 34344), 7 (CNMA 41904), 8 (CNMA 41825), 11, and 16 
(Table 2.1 and Table 2.2; Figs. 3.3 and 3.5) was necessary to remove the significant 
difference between data partitions for mex3 (p = 0.232). 
3.3.4. Molecular Rate Comparisons 
 Fourfold degenerate sites of both the pocket gophers and chewing lice (167 and 141 
sites, respectively) did not depart significantly from a molecular clock (p > 0.05).  Copath 
analysis resulted in 308 putative combinations of cospeciating taxa: 36 combinations each for 
cor1 and cor2, 60 combinations for mex1, and 88 combinations each for mex2 and mex3 
(Figs. 3.8 and 3.9 show examples of copath analysis for cor1 and mex1). 
Mantel tests showed a significant correlation between genetic distances for all 
combinations of cospeciating pocket gophers and chewing lice (p < 0.05).  However, many 
putative cospeciating combinations identified in copath analysis clearly did not have a 
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Figure 3.8.  Branches determined by copath analysis for comparison of evolutionary rates between pocket gophers and chewing lice 
of the Geomydoecus coronadoi species complex (cor1 cophylogenetic comparison).  Only those host-parasite pairs that have 
cospeciated were used for this analysis because these taxa are assumed to have experienced an equivalent amount of time since 
divergence.  Dashed lines indicate host-parasite associations.  Letters above branches indicate branches used in molecular rate 
comparisons.  Branches a, m, and o were not used in the comparison because these branches violated the rules indicated in the text.  
Additionally, branches i and j were also omitted from molecular rate comparisons because the lengths of these branches for the lice 




Figure 3.9.  Branches determined by copath analysis for comparison of evolutionary rates between pocket gophers and chewing lice 
of the Geomydoecus mexicanus species complex (mex1 cophylogenetic comparison).  Only those host-parasite pairs that have 
cospeciated were used for this analysis because these taxa are assumed to have experienced an equivalent amount of time since 
divergence.  Dashed lines indicate host-parasite associations.  Letters above branches indicate branches used in molecular rate 
comparisons.  Branches a, d, h, j, m, and o were not used in the comparison because these branches violated the rules indicated in 
the text. 
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history of cospeciation, resulting in an extremely poor fit of the regression model to the data.  
To identify and eliminate these non-cospeciating combinations, only those with a correlation 
coefficient of determination (r2) greater than 0.6 (obtained from Model II regression output) 
were retained for further analysis.  This treatment reduced the number of combinations of 
cospeciating taxa from 308 to 72 (seven combinations for cor1, four combinations for cor2, 
ten combinations for mex1, 26 combinations for mex2, and 25 combinations for mex3).  The 
number of combinations was further reduced by eliminating those in which removal of a 
single outlier caused the r2 value to fall below 0.6, resulting in a total of 19 retained 
combinations for cor1, cor2, mex2, and mex3.  No appropriate combinations remained for 
mex1. 
Model II regression analysis of cor1 yielded four solutions with an average slope of 
2.23 (range 1.1 – 3.52) when branch lengths were estimated with hLRTs, and three solutions 
with an average slope of 2.30 (range 1.06 – 3.19) when branch lengths were estimated with 
the AIC (Table 3.2).  The results of the cor2 analysis were similar: Model II regression 
analysis yielded two solutions with an average slope of 2.94 (range 2.51 – 3.37) when branch 
lengths were estimated with hLRTs, and two solutions with an average slope of 2.77 (range 
2.49 – 3.37) when branch lengths were estimated with the AIC (Table 3.2).  Wilcoxon sign-
rank tests for cor1 and cor2 were not significant when branch lengths were estimated by 
hLRT or AIC.  The y-intercepts in all regression analyses were not significantly different 
from zero, suggesting that speciation was approximately synchronous for associated gopher 
and louse taxa (Hafner and Nadler 1990).  Model II regression analysis of mex2 yielded two 
solutions with an average slope of 1.07 (range 1.01 – 1.13) when branch lengths were 
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Table 3.2.—Results of Model II Regression analysis for combinations of cospeciating pocket gopher and louse taxa in the 
Geomydoecus coronadoi and G. mexicanus species complexes.  Branch lengths were estimated using models of evolution selected 
by the hierarchical ratio test (hLRTs) and the Akaike Information Criterion (AIC).  Columns indicate evolutionary rate (slope) and 
speciation time (intercept) of the louse group relative to their hosts.  In all cases, the y-intercept did not differ significantly from 
zero indicating that host and parasite speciation was approximately synchronous. 
 
 
Geomydoecus coronadoi complex (cor1 and cor2) 
 
Comparison  Slope  y-intercept   Comparison  Slope  y-intercept 
 
cor1 hLRT  2.6671  -0.0131   cor1 AIC  2.6517  -0.0132 
   1.1079   0.0008      1.0596   0.0011 
   1.6409  -0.0032      3.1874  -0.0189 
   3.5199  -0.0216 
 
cor2 hLRT  2.5066  -0.0055   cor2 AIC  2.4926  -.0057 
   3.3731  -0.0134      3.0549  -0.0111 
 
 
Geomydoecus mexicanus complex (mex1, mex2, and mex3) 
 
Comparison  Slope  y-intercept   Comparison  Slope  y-intercept 
 
mex2 hLRT  1.1324   0.0193   mex2 AIC  1.1134   0.0194 
   1.0126   0.0197      0.9954   0.0198 
 
mex3 hLRT  1.0133  0.0208    mex3 AIC  0.9979   0.0208 
   0.8884  0.0212       0.8747   0.0212 
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estimated with hLRT, and two solutions with an average slope of 1.05 (range 1.00 – 1.11) 
when branch lengths were estimated with the AIC (Table 3.2).  The results of mex3 were 
similar: Model II regression analysis yielded two solutions with an average slope of 0.95 
(range 0.89 – 1.01) when branch lengths were estimated with hLRT, and two solutions with 
an average slope of 0.94 (range 0.89 – 1.00) when branch lengths were estimated with the 
AIC (Table 3.2).  Wilcoxon sign-rank tests for mex1 and mex2 were significant when branch 
lengths were estimated by hLRT and AIC (p < 0.03).  Again, speciation was approximately 
synchronous in associated gopher and louse taxa, as indicated by y-intercepts not significantly 
different from zero in the regression analysis. 
3.4. Discussion 
 3.4.1. Tree-Based Methods 
 Both tree-based methods indicate that the Geomydoecus coronadoi and G. mexicanus 
louse species complexes show significant cophylogeny with their pocket gopher  
hosts.  This is the first documentation of two separate parasite lineages showing significant 
cophylogeny with the same group of hosts. 
TreeMap and TreeFitter analyses showed clear evidence of significant cophylogeny 
between the pocket gophers and their associated chewing lice.  Although TreeMap and 
TreeFitter estimated historical events to occur at different frequencies (Table 3.3), both 
analyses found significantly more cophylogeny than expected by chance.  Because TreeMap 
maximizes the number of codivergence events between host and parasite taxa, TreeMap 
predicted more codivergence events than did TreeFitter (Table 3.3), even when the same costs 
were applied to each historical event.  TreeMap also tended to estimate more duplication and 
extinction events, whereas TreeFitter estimated more host-switching events (Table 3.3).  This 
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Table 3.3.—Comparison of number of historical events estimated for the least costly solutions using TreeMap and TreeFitter 
analyses for the Cratogeomys merriami species group and their ectoparasitic chewing lice in the Geomydoecus coronadoi and G. 
mexicanus species complexes.  Columns indicate the number of each event type (expressed as ranges that result in equal total costs) 
necessary to reconcile the host and parasite trees under different event cost assignments. 
 
 
Geomydoecus coronadoi complex (cor1 and cor2) 
 
Event costs  Cost  Codivergence  Duplication  Extinction  Host Switching 
 
TreeFittera 
0, 0, 1, 2    5 b   6 c          0            0       5 b 
0, 1, 1, 1    5 b   6 c          0            0       5 b 
TreeMapd   12   16          6            3       3 
 
Geomydoecus mexicanus complex (mex1, mex2, and mex3) 
 
Event costs  Cost  Codivergence  Duplication  Extinction  Host Switching 
 
TreeFittera 
0, 0, 1, 2   12 b   8 c          0            4       4 b 
0, 1, 1, 1    8           4 – 8 c          0         0 – 4   4 – 8 b 
TreeMapd   16   16          8            4        4 
 
 
aTreeFitter event costs are for codivergence, duplication, extinction, and host switching, respectively. 
bThe observed value is significantly less than that for randomized trees (p < 0.05). 
cThe observed value is significantly greater than that for randomized trees (p < 0.05). 
dThe TreeMap default for event costs was 0, 1, 1, 1. 
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result was expected because TreeMap is computationally unable to handle large numbers of 
host switches. 
 In the tree-based analyses, the gopher and louse trees were not perfectly congruent, 
and both methods postulated other historical events to explain departures from perfect 
cophylogeny.  Cophylogeny appears to be more prevalent in the G. coronadoi species 
complex compared to the G. mexicanus complex (Figs. 3.6 and 3.7), and it is clear that the 
questionable phylogenetic placement of certain taxa had an effect on the cophylogenetic 
analyses.  For example, the exact phylogenetic placement of the pocket gopher from San 
Miguel Xoxtla (C. merriami 13 – CNMA 41826; Figs. 3.1 and 3.2) within the larger C. 
merriami clade is unclear.  Additionally, G. coronadoi chewing lice from Irolo (louse 
subspecies G. c. coronadoi, locality 1) are genetically distinct from other lice parasitizing the 
same host species (C. perotensis) and may represent a cryptic species (see Chapter 2 for 
additional discussion; Fig. 3.3).  Similarly, phylogenetic analysis shows G. traubi (localities 
13-16) to be paraphyletic.  The two G. traubi clades represent genetically distinct taxa and 
may be cryptic species or the result of incomplete lineage sorting (see Chapter 2 for 
discussion; Fig. 3.3).  Examination of the results of reconciliation analysis (Figs. 3.6 and 3.7) 
clearly points to some of these taxa as the cause of incongruence between host and parasite 
phylogenies, especially for associations between the G. mexicanus louse species complex and 
their hosts. 
 3.4.2. Distance-Based Methods 
Similar to the results of the tree-based methods, ParaFit found a significant nonrandom 
association between the host and parasite datasets.  Unlike tree-based methods, ParaFit uses 
phylogenetic distance matrices rather than tree topologies to assess congruence between hosts 
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and parasites.  Tests of individual links between lice in the G. coronadoi species complex and 
their hosts resulted in a random (nonsignificant) association only for the lice parasitizing C. 
merriami at localities 12-16.  Similarly, tests of individual links in the G. mexicanus species 
complex resulted in a random association for the louse parasitizing C. perotensis from locality 
3 and the lice parasitizing C. merriami from localities 12-15.  These same taxa are implicated 
as potential causes of incongruence between host and parasite phylogenies in tree-based 
analyses (above) and the data-based analyses (below), especially for associations between the 
G. mexicanus louse species complex and their hosts. 
 3.4.3. Data-Based Methods 
Data-based methods were used after tree-based methods to determine if sampling error 
could explain the observed topological differences between pocket gopher and chewing louse 
phylogenies.  All data-based methods failed to detect significant congruence between host and 
parasite datasets (different datasets were not consistent with an identical topology), meaning 
that sampling error is rejected as the cause of topological incongruence in the tree-based 
analyses.  Rather, other historical processes, such as host switching or extinction, likely 
account for observed differences between topologies (Clark et al. 2000; Page 2003; Jackson 
2004a, 2004b; Kawakita et al. 2004).  Even with relatively small datasets (a maximum of 14 
or 15 taxa including outgroup taxa), LRTs were computationally intensive and LRTs on larger 
datasets are not recommended. 
ILD tests identified taxa from localities 1, 13, and 15 as sources of incongruence for 
the cor1 and cor2 cophylogeny comparisons.  These same taxa are probable causes of 
incongruence in the results of the tree-based analyses of cor1 and cor2 (see section 3.4.1).  
Localities 1 and 16, in addition to several other localities, also are the cause of incongruence 
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for the cophylogenetic comparisons between representatives of the G. mexicanus species 
complex and their hosts.  These same localities are probable causes of incongruence in the 
results of the tree-based analyses of mex1, mex2, and mex3 (see section 3.4.1).  Therefore, 
tree-based methods and the ILD method implicate the same taxa as causes of phylogenetic 
incongruence between host and parasite phylogenies.  With each increase in the number of 
taxa removed per ILD test, computational time increased significantly.  Therefore, ILD tests 
for large data sets may not be practical. 
 3.4.4. Comparison of Molecular Rates 
Because tree-based methods revealed significant cophylogeny between pocket gophers 
of the C. merriami species group and their ectoparasitic chewing lice, it was possible to 
compare evolutionary rates at selectively neutral (or nearly neutral) sites in these distantly 
related taxa.  Mantel tests showed a significant association between genetic distance matrices 
for the hosts and parasites.  This finding indicates that evolutionary rates in the two groups are 
significantly correlated, but it reveals nothing about the magnitude of possible rate differences 
between hosts and parasites.  Results of the Mantel test also document significant 
cophylogeny between gophers and lice (Hafner and Nadler 1990), which corroborates 
evidence of cophylogeny obtained independently using tree-based methods. 
Model II regression analysis and Wilcoxon sign-rank tests were used to compare 
evolutionary rates between associated taxa.  The results from these tests conflicted, which 
likely is the result of lack of power of the nonparametric Wilcoxon test.  Model II regression 
analyses revealed that the COI gene in lice belonging to the G. coronadoi species complex is 
evolving two to three times faster than their hosts (Table 3.2), roughly the same rate found 
between other chewing louse assemblages and their hosts (Page 1996; Page et al. 1998; 
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Paterson et al. 2000).  The COI gene in lice of the G. mexicanus complex, however, appears 
to be evolving at approximately the same rate as their hosts, and therefore, approximately 
one-half to one-third the rate of lice in the G. coronadoi complex.  Faster or equal 
evolutionary rates in the G. coronadoi and G. mexicanus complex compared to their gopher 
hosts are in contrast to the parasitological rules established by Manter (Manter 1955, 1966; 
Inglis 1971), which predict that parasites evolve more slowly than their hosts.  Regression 
analysis showed speciation events to be approximately synchronous in all host and parasite 
pairs studied (Table 3.2). 
It is possible that population-level processes, such as lineage sorting or drift, may 
cause some or all of the rate differences observed between lice of the two species complexes 
(Demastes and Hafner 1993; Hafner et al. 1994; Spradling 1997; Demastes et al. 2003).  This 
is especially true for the G. mexicanus species complex, in which several lineages are 
believed to have retained ancestral mitochondrial haplotypes (Chapter 2).  The difference in 
relative evolutionary rates between the louse species complexes also may result from 
differences in population size.  Lice of the G. coronadoi complex may be experiencing 
smaller effective population sizes compared to lice of the G. mexicanus complex, thereby 
increasing rates of drift (Page et al. 1998).  In our sampling, there was no obvious difference 
in population size between the two louse species complexes.  It is also possible that lice of the 
G. coronadoi complex have passed through previous population bottlenecks, whereas lice of 
the more widespread G. mexicanus complex have not (Nadler et al. 1990).  Finally, generation 
time and metabolic rate have been implicated as possible causes of evolutionary rate 
differences among organisms (Wu and Li 1985; Martin and Palumbi 1993), so it is possible 
that lice of the G. coronadoi species complex may have a shorter generation time or faster 
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metabolic rate than lice of the G. mexicanus complex.  Regardless of the cause of the relative 
rate difference, lice of the G. mexicanus complex stand out as unusually slow when compared 
to other studies of rate differences between chewing lice and their hosts (Hafner et al. 1994; 
Page 1996; Page et al. 1998; Paterson et al. 2000). 
Several mechanisms could explain the rate difference observed between lice of the G. 
coronadoi species complex and their hosts.  These lice could be evolving faster than pocket 
gophers because of differences in generation time or metabolic rate (Wu and Li 1985; Martin 
and Palumbi 1993; Hafner et al. 1994).  Increased mutation rates caused by mechanisms 
associated with mitochondrial gene replication could also cause the observed rate differences.  
Mitochondrial genomes undergo asymmetrical replication, and because mitochondria lack 
efficient repair mechanisms, the more time a gene spends single-stranded the more susceptible 
it is to mutation (Brown and Simpson 1982; Clayton 1982; Tanaka and Ozawa 1994).  
Invertebrate taxa, especially lice, are known to possess multiple mitochondrial gene 
rearrangements, whereas the gene arrangement in vertebrates is relatively stable (Shao et al. 
2001a, 2001b; S. Cameron pers. comm.).  If the COI gene in lice is located closer to the first 
origin-of-replication than in their vertebrate hosts, then the louse COI gene may experience 
increased mutation rates because it spends more time in the single-stranded state (Page 1996; 
Page et al. 1998; Paterson et al. 2000).  Further investigations are needed, however, to 
determine the gene order, and especially the placement of the COI gene in Geomydoecus (S. 
Cameron pers. comm.). 
The results of the analysis of molecular rates in pocket gophers and chewing lice are in 
general agreement with past studies using mitochondrial data.  The COI gene of chewing lice 
of the G. coronadoi complex is evolving roughly two to three times faster than their gopher 
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hosts, whereas the COI gene of lice of the G. mexicanus complex is evolving at approximately 
the same rate as their hosts.  Speciation between all lice and their hosts was approximately 
synchronous, which is expected in a parasite with limited dispersal ability and high host 
specificity (Hafner et al. 1994; Page 1996; Page et al. 1998; Paterson et al. 2000).  The faster 
evolutionary rates observed in lice of the G. coronadoi complex (but not the G. mexicanus 
complex relative to their hosts may be a louse-specific phenomenon, or it may be 
characteristic of parasitic organisms in general (Page et al. 1998; Shao et al. 2001b; Johnson 
et al. 2003; Yoshizawa and Johnson 2003).  Future cophylogenetic and evolutionary rate 
analyses will determine the universality of the results reported here. 
3.5. Conclusions 
This is the first cophylogenetic study of pocket gophers and chewing lice that involves 
exhaustive sampling of host and parasite lineages (Hafner et al. in press; Chapter 2).  Had 
sampling been incomplete, one pattern, let alone two patterns, of parallel cladogenesis may 
not have been apparent.  Additionally, this analysis revealed lineage-specific rate differences, 
a finding that certainly would not have been observed without exhaustive sampling (Fitch and 
Bruschi 1987; Hafner and Page 1995).  To have confidence in the results of cophylogenetic 
and rate analyses, future studies must sample host and parasite lineages exhaustively. 
This study demonstrated that two independent lineages of lice, one serving as a natural 
replicate of the other, show significant cophylogeny with the same pocket gopher hosts of the 
Cratogeomys merriami species group.  Although the host and parasite phylogenies were 
significantly congruent, they were not identical.  Because this study examined cophylogeny 
among host and parasite populations (in addition to among host and parasite species), 
population-level processes, such as incomplete lineage sorting or drift, may have confounded 
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the search for other historical processes (e.g., cospeciation; host switching) in this assemblage 
(Chapter 2; Demastes and Hafner 1993; Hafner et al. 1994; Spradling 1997; Demastes et al. 
2003).  Again, in the absence of exhaustive sampling, it would to be impossible to detect the 
signal of cophylogeny amidst population-level processes compounded by sampling error. 
The mitochondrial COI gene in lice of the G. coronadoi species complex is evolving 
roughly 2 -3 times faster than their hosts, whereas the COI gene in lice of the G. mexicanus 
complex is evolving at roughly the same rate as their hosts, and therefore approximately one-
half to one-third the rate of G. coronadoi lice.  This rate difference between the two louse 
species complexes may be an artifact of the methods used in this analysis, or it may be real 
and result from population-level processes (incomplete lineage sorting or genetic drift) or 
differences in population size, mutation rate, generation time, or metabolic rate.  Evolutionary 
rates may differ between gophers and lice for some of the same reasons, although 
mitochondrial gene rearrangements are likely to play an important role.  Future investigations 
will be necessary to determine what effects, if any, these mechanisms have on rate differences 
between louse lineages and between lice and their hosts. 
There is an ongoing debate regarding the relative utility of the various methods used in 
cophylogenetic analyses.  Some workers believe that data-based methods are too restrictive 
and simplistic, and they argue that trees should be compared for significant similarity because 
of the likelihood of historical events other than cospeciation influencing the structure of the 
data matrices (Clark et al. 2000; Huelsenbeck et al. 2003; Jackson 2004a; Jackson and 
Charleston 2004).  Others believe that tree-based tests are flawed and that the assessment of 
host and parasite phylogenetic histories should be based directly on the data, rather than 
indirectly on trees generated from the data (Clark et al. 2000). Distance-based methods, which 
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are relatively new, have yet to be compared rigorously to tree-based and data-based methods 
of cophylogenetic analysis. 
This study contributes to the resolution of this methodological debate by 
demonstrating the relative utility of tree-based, data-based, and distance-based methods, at 
least within the limited scope of the pocket gophers and chewing lice analyzed in this study.  
For the purposes of comparison, it is necessary to assume that cophylogeny is historically true 
in this host-parasite assemblage, an assumption that is strongly supported by the data 
(cophylogeny has been documented in every assemblage of gophers and lice examined to 
date; Hafner and Nadler 1988, 1990; Demastes and Hafner 1993; Page 1993a, 1993b; Hafner 
et al. 1994; Page 1994b).  Given this assumption, the relative ability of the different methods 
to detect significant cophylogeny in the present analysis can be taken as a measure of their 
relative utility. 
Although the two tree-based methods, reconciliation analysis and generalized 
parsimony, have different null hypotheses (Chapter 1; Table 3.3), both detected significant 
cophylogeny in the hosts and parasites studied.  Reconciliation analysis and generalized 
parsimony estimated different numbers of historical events, but without knowledge of the 
detailed history of the host and parasite associations, the relative accuracy (and, therefore, 
utility) of the methods cannot be determined.  Although reconciliation analysis may be 
preferred over generalized parsimony because it allows visualization of the reconciled trees, it 
is probably best to compare the results of both methods in future cophylogenetic analyses. 
The distance-based method used in this study (ParaFit) found a significant nonrandom 
association between the host and parasite datasets.  Distance-based methods may prove to be 
extremely useful in cophylogenetic studies because these methods test for cophylogeny over 
 133 
the entire dataset, as well for individual host-parasite pairs.  In addition, distance-based 
methods are computationally feasible for large datasets, and as such, can (and should) be 
incorporated in all cophylogenetic analyses, regardless of the size of the dataset. 
The data-based methods used in this study failed to find significant congruence 
between the host and parasite datasets.  Because the null hypothesis of identical topologies 
may be overly restrictive in real host-parasite assemblages, these data-based methods may be 
of limited utility for detecting cophylogeny.   However, when used in concert with tree-based 
methods, data-based methods are useful for identifying the causes of topological 
incongruence.  With the exception of the KH and SH tests, data-based methods are 
computationally intensive.  Perhaps with increased use of parallel computing in 
phylogenetics, data-based methods will become computationally feasible in future studies 
with large datasets. 
In summary, tree-based and distance-based methods, including reconciliation analysis, 
generalized parsimony, and ParaFit, appear to be the methods of choice for detecting 
significant cophylogeny.  Use of one tree-based method (e.g., reconciliation analysis) in 
conjunction with one distance-based method (e.g., ParaFit) creates a powerful combination of 
tools for not only detecting cophylogeny, but also determining which host-parasite pairs 
contribute to the cophylogeny signal and which do not. Incorporation of data-based methods 
in cophylogenetic analyses helps by ruling out sampling error as the source of incongruence 
in the host and parasite datasets.  Thus, future studies of cophylogeny may benefit from use of 
all three types of phylogenetic analyses, one to detect the pattern of cophylogeny, another to 
determine which host-parasite pairs contribute to that pattern, and the third to determine if 
sampling error is the source of incongruence between the host and parasite datasets. 
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CHAPTER 4. PHYLOGENY OF SUCKING LICE (FAHRENHOLZIA) 
PARASITIZING HETEROMYID RODENTS 
 
4.1. Introduction 
In the field of cophylogeny, the host-parasite association between pocket gophers 
(Rodentia: Geomyidae) and chewing lice (Insecta: Phthiraptera) has been studied extensively 
(see Chapter 2 and references therein).  However, little is known about the host-parasite 
associations of the close relatives of these organisms.  Rodents in the family Heteromyidae, 
the sister group of pocket gophers, are the subject of many research programs (Genoways and 
Brown 1993), but little is known about their ectoparasitic lice. 
Heteromyids are parasitized by sucking lice (Phthiraptera: Anoplura) in the genus 
Fahrenholzia.  Currently, 12 species of Fahrenholzia are recognized: F. boleni, F. ehrlichi, F. 
fairchildi, F. ferrisi, F. hertigi, F. microcephala, F. pinnata, F. reducta, F. schwartzi, F. 
texana, F. tribulosa, and F. zacatecae (Kim et al. 1986; Whitaker et al. 1993).  Known host 
associations (Table 4.1) indicate that the louse species F. fairchildi, F. ferrisi, F. pinnata, F. 
and reducta are widespread, parasitizing multiple host species.  Additionally, the host species 
Heteromys desmarestianus, Liomys irroratus, and Perognathus parvus are parasitized by 
more than one louse species (Table 4.1).  Only half of the currently recognized heteromyid 
species are known to be parasitized by sucking lice, and it is likely that no one has looked for 
lice on the remaining species. 
Relationships among the 12 Fahrenholzia species are unknown, although 
morphological descriptions of these species indicate similarity among the F. microcephala 
group (F. microcephala, F. ehrlichi, F. ferrisi, F. schwartzi, F. fairchildi, and F. hertigi; 
Johnson 1962).  Morphology also identifies several pairs of similar taxa, including 
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Table 4.1.—Host associations for the 12 species of Fahrenholzia sucking lice (Kim et al. 
1986; Thomas et al. 1990; Whitaker et al. 1993; Durden and Musser 1994a, 1994b).  Asterisks 
identify the type host for each louse species. 
 
Louse Species      Host Species 
 
Fahrenholzia boleni     Perognathus merriami* 
 
Fahrenholzia ehrlichi     Liomys irroratus* 
 
Fahrenholzia fairchildi     Liomys adspersus 
Fahrenholzia fairchildi     Liomys salvini 
Fahrenholzia fairchildi     Heteromys desmarestianus* 
 
Fahrenholzia ferrisi     Heteromys desmarestianus 
Fahrenholzia ferrisi     Heteromys goldmani* 
Fahrenholzia ferrisi     Heteromys gaumeri 
 
Fahrenholzia hertigi     Heteromys desmarestianus* 
 
Fahrenholzia microcephala    Liomys pictus* 
 
Fahrenholzia pinnata     Dipodomys californicus* 
Fahrenholzia pinnata     Dipodomys deserti 
Fahrenholzia pinnata     Dipodomys elator 
Fahrenholzia pinnata     Dipodomys heermanni 
Fahrenholzia pinnata     Dipodomys merriami 
Fahrenholzia pinnata     Dipodomys microps 
Fahrenholzia pinnata     Dipodomys ordii 
Fahrenholzia pinnata     Dipodomys phillipsii 
Fahrenholzia pinnata     Dipodomys spectabilis 
Fahrenholzia pinnata     Microdipodops megacephalus 
Fahrenholzia pinnata     Chaetodipus penicillatus 
Fahrenholzia pinnata     Perognathus flavescens 
Fahrenholzia pinnata     Perognathus flavus 
Fahrenholzia pinnata     Perognathus inornatus 
Fahrenholzia pinnata     Perognathus longimembris 
Fahrenholzia pinnata     Perognathus parvus 
 
Fahrenholzia reducta     Chaetodipus baileyi 
Fahrenholzia reducta     Chaetodipus formosus* 
Fahrenholzia reducta     Perognathus parvus 
 
Fahrenholzia texana     Liomys irroratus* 
 
Fahrenholzia tribulosa     Chaetodipus californicus* 
 
Fahrenholzia schwartzi     Heteromys anomalus* 
 
Fahrenholzia zacatecae     Chaetodipus hispidus* 
 
 141 
F. zacatecae and F. tribulosa, F. ehrlichi and F. microcephala, F. ferrisi and F. schwartzi, F. 
texana and F. fairchildi, and F. boleni and F. pinnata (Stojanovich and Pratt 1961; McDaniel 
1968; Kim et al. 1986). 
The purpose of this study is to hypothesize relationships among the 12 Fahrenholzia 
species that parasitize heteromyids to facilitate future investigations of cophylogeny. This 
study will also verify previous host associations as well as potentially discover new host 
associations. 
4.2. Methods 
4.2.1. Louse Specimens Examined 
Sixty-seven louse specimens were collected from localities across the geographic 
range of the heteromyid hosts (Tables 4.2 – 4.4; Fig 4.1).  Only one louse species known to 
parasitize heteromyid rodents, Fahrenholzia schwartzi, was not collected.  Lice were obtained 
from hosts using two different protocols.  The first method required brushing lice from the 
pelage of heteromyids immediately after the rodents were euthanized (Kim et al. 1986).  This 
method, however, did not yield high numbers of lice.  The second protocol was more effective 
at collecting anoplurans from their hosts.  After euthanization, heteromyids were skinned in 
the field, and the skins were frozen and brought back to the laboratory for processing.  Skins 
were individually immersed in a 1% detergent solution and shaken vigorously to dislodge lice 
(Henry and McKeever 1971; Clayton and Drown 2001).  The wash solution was then filtered, 
and lice were removed from the filter paper and stored at –70oC.  Lice were tentatively 
identified using a dissecting microscope before DNA extraction.  Following DNA extraction, 
lice were mounted on slides and retained as vouchers.  Voucher louse specimens were 
prepared using the technique of Johnson and Clayton (2002).  This technique enabled 
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Table 4.2.—Fahrenholzia taxa included in the phylogenetic analysis of the mitochondrial COI gene.  Lice are grouped by country, 
state, and host locality, and are mapped on Fig. 4.1.  The two instances in which the exact host specimen was not available are 
noted by the asterisks (see text).  In these instances, both louse and host localities are listed, but because of their precision only host 
localities are mapped on Fig. 4.1.  Abbreviations for host genera are as follows: C = Chaetodipus, D = Dipodomys, H = Heteromys, 
L = Liomys, and P = Perognathus).  Museum acronyms for host taxa are as follows: Colección Nacional de Mamíferos, 
Universidad Nacional Autónoma de México (CNMA), Louisiana State University Museum of Natural Science (LSUMZ), Moore 
Laboratory of Zoology (MLZ), New Mexico Museum of Natural History (NMMNH), and University of Nevada Las Vegas 
(UNLV). 
 
Locality Number and Locality    Fahrenholzia Species   Host Species 
 
Costa Rica 
  1. Louse: Guanacaste; Santa Rosa National Park   F. fairchildi 1*    L. salvini 1 – LSUMZ 2550 
      Host: Puntarenas; 5 km S, 6 km W Esparza 
 
Mexico 
  2. Chihuaha; 6 mi NW Ricardo Flores Magon   F. pinnata 2 – NMMNH 4548  D. merriami 2 – NMMNH 4548 
  3. Coahuila: 2 mi E Agua Nueva     F. pinnata 3 – NMMNH 4714  D. ordii 3 – NMMNH 4714 
  4. Coahuila; 5 km S, 16 km W General Cepeda   F. pinnata 4 – NMMNH 4703  D. nelsoni 4 – NMMNH 4703 
  4. Coahuila; 5 km S, 16 km W General Cepeda   F. zacatecae 4 – NMMNH 4705  C. hispidus 4 – NMMNH 4705 
  5. Coahuila: Plan de Guadalupe     F. boleni 5 – NMMNH 4728  P. merriami 5 – NMMNH 4728 
  6. Coahuila; 2 km S Santa Teresa     F. pinnata 6 – NMMNH 4747  D. merriami 6 – NMMNH 4747 
  7. Durango; Hda. Atotonilco     F. ehrlichi 7 – NMMNH 4491  L. irroratus 7 – NMMNH 4491 
  7. Durango; Hda. Atotonilco     F. texana 7 – NMMNH 4491  L. irroratus 7 – NMMNH 4491 
  8. Jalisco: 16 km NNE Ameca     F. ehrlichi 8 – LSUMZ 36401  L. irroratus 8 – LSUMZ 36401 
  9. Jalisco; 4.5 km SW Jilotlan     F. microcephala 9 – CNMA 39674  L. pictus 9 – CNMA 39674 
10. Puebla: 11 km (by road) SW Alchichica    F. pinnata 10 – LSUMZ 36244  D. phillipsii 10 – LSUMZ 36244 
10. Puebla: 11 km (by road) SW Alchichica    F. ehrlichi 10 – LSUMZ 36245  L. irroratus 10 – LSUMZ 36245 
11. Puebla; 3 km (by road) NE Tilapa    F. ehrlichi 11 – LSUMZ 36243  L. irroratus 11 – LSUMZ 36243 
12. Puebla; 6 km N Tilapa      F. ehrlichi 12 – CNMA 41832  L. irroratus 12 – CNMA 41832 
13. Puebla: 3.1 km SW El Veladero    F. pinnata 13 – LSUMZ 36254  P. flavus 13 – LSUMZ 36254 
14. Veracruz; Biological Station La Mancha    F. microcephala 14 – CNMA 41912 L. pictus 14 – CNMA 41912 
15. Veracruz; 8 km ENE Catemaco     F. hertigi 15 – LSUMZ 36300  H. desmarestianus 15 – LSUMZ 36300 
15. Veracruz; 8 km ENE Catemaco     F. ferrisi 15 – LSUMZ 36300  H. desmarestianus 15 – LSUMZ 36300 
16. Zacatecas: 1 mi SE Banon     F. pinnata 16 – NMMNH 4602  D. ordii 16 – NMMNH 4602 
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Table 4.2. Continued 
 
Mexico (continued) 
17. Zacatecas; 2 mi E San Jeronimo    F. pinnata 17 – NMMNH 4496  D. phillipsii 17 – NMMNH 4496 
17. Zacatecas; 2 mi E San Jeronimo    F. ehrlichi 17 – NMMNH 4498  L. irroratus 17 – NMMNH 4498 
 
United States: California 
18. Mono Co.; 5 mi N Benton     F. pinnata 18 – MLZ 1913  D. panamintinus 18 – MLZ 1913 
19. San Bernardino Co.; 8.9 mi N, 1.1 E Red Mountain  F. reducta 19 – MLZ 1869  C. formosus 19 – MLZ 1869 
19. San Bernardino Co.; 8.9 mi N, 1.1 E Red Mountain  F. pinnata 19 – MLZ 1878  P. longimembris 19 – MLZ 1878 
19. San Bernardino Co.; 8.9 mi N, 1.1 E Red Mountain  F. pinnata 19 – MLZ 1880  D. merriami 19 – MLZ 1880 
20. San Bernardino Co.; 3.2 mi S, 3.7 mi W Westend   F. pinnata 20 – MLZ 1890  D. merriami 20 – MLZ 1890 
21. San Bernardino Co.; 9.7 mi S, 9.2 mi W Westend   F. pinnata 21 – MLZ 1892  D. merriami 21 – MLZ 1892 
22. San Luis Obispo Co.; 15.9 mi S, 7.2 mi E Simmler  F. tribulosa 22 – MLZ 1843  C. californicus 22 – MLZ 1843 
23. San Luis Obispo Co.; 15 mi S, 8.2 mi E Simmler   F. tribulosa 23 – MLZ 1855  C. californicus 23 – MLZ 1855 
23. Louse: Fresno Co.      F. pinnata 23*    D. heermanni 23 – MLZ 1852 
      Host: San Luis Obispo Co.; 15 mi S, 8.2 mi E Simmler 
 
United States: New Mexico 
24. Cibola Co.; 8.5 mi S, 5 mi W Correo    F. pinnata 24 – NMMNH 3937  P. flavus 24 – NMMNH 3937 
25. Cibola Co.; 4 mi S, 1.5 mi W Correo    F. pinnata 25 – NMMNH 3945  P. flavus 25 – NMMNH 3945 
26. Dona Ana Co.; 1 mi S jct. I-10 & Picacho Ave   F. zacatecae 26 – NMMNH 4433  C. eremicus 26 – NMMNH 4433 
26. Dona Ana Co.; 1 mi S jct. I-10 & Picacho Ave   F. pinnata 26 – NMMNH 4445  D. merriami 26 – NMMNH 4445 
27. Grant Co.; 1.7 mi N, 0.5 mi E Redrock    F. reducta 27 – NMMNH 4362  C. baileyi 27 – NMMNH 4362 
28. Grant Co.; 2.6 mi N, 1.8 mi E Redrock    F. zacatecae 28 – NMMNH 4373  C. intermedius 28 – NMMNH 4373 
28. Grant Co.; 2.6 mi N, 1.8 mi E Redrock    F. pinnata 28 – NMMNH 4377  D. ordii 28 – NMMNH 4377 
29. Hidalgo Co.; 6 mi SE Arizona (Cochise Co.)   F. pinnata 29 – NMMNH 4399  D. spectabilis 29 – NMMNH 4399 
30. Hidalgo Co.; Doubtful Canyon, 8 mi N, 1 mi W Steins  F. reducta 30 – NMMNH 4421  C. baileyi 30 – NMMNH 4421 
31. Hidalgo Co.; Doubtful Canyon, 8 mi N, 0.5 mi W Steins  F. reducta 31 – NMMNH 4427  C. baileyi 31 – NMMNH 4427 
32. Socorro Co.; 13 mi S, 13 mi W San Marcial   F. pinnata 32 – NMMNH 3982  D. merriami 32 – NMMNH 3982 
33. Socorro Co.; 5 mi N, 2 mi E Socorro    F. pinnata 33 – LSUMZ 36192  D. merriami 33 – LSUMZ 36192 







Table 4.2. Continued 
 
United States: Nevada 
35. Clark Co.; Corn Creek Desert Wildlife Refuge   F. pinnata 35 – UNLV 3886  D. deserti 35 – UNLV 3886 
35. Clark Co.; Corn Creek Desert Wildlife Refuge   F. pinnata 35 – UNLV 3882  D. merriami 35 – UNLV 3886 
36. Lyon Co.; 10.3 mi S, 2.2 E Yerington    F. pinnata 36 – MLZ 2046  P. longimembris 36 – MLZ 2046 
36. Lyon Co.; 10.3 mi S, 2.2 E Yerington    F. pinnata 36 – MLZ 2047  D. microps 36 – MLZ 2047 
37. Nye Co.; 19.2 mi N, 13.4 mi E Warm Springs   F. pinnata 37 – MLZ 1903  D. ordii 37 – MLZ 1903 
 
United States: Texas 
38. Brewster Co.; Elephant Mountain WMA    F. pinnata 38 – NMMNH 4535  D. ordii 38 – NMMNH 4535 
39. Cameron Co.; 8.8 mi E Brownsville (on Hwy 4)   F. ehrlichi 39 – LSUMZ 36395  L. irroratus 39 – LSUMZ 36395 




Table 4.3.—Fahrenholzia taxa included in analysis of sequence variation in the mitochondrial COI gene.  Lice are grouped by 
species (see Table 4.2 for definition of museum acronyms). 
 
Locality Number and Locality     Host Species   Specimens Examined 
 
 
Fahrenholzia ehrlichi       Liomys irroratus  F. ehrlichi 12 – LSUMZ 36295 
12. MEXICO: Puebla; 6 km N Tilapa        F. ehrlichi 12 – LSUMZ 36296 
            F. ehrlichi 12 – LSUMZ 36297 
             F. ehrlichi 12 – CNMA 41832 
             F. ehrlichi 12 – CNMA 41833 
             F. ehrlichi 12 – LSUMZ 36299 
 
Fahrenholzia reducta 
19. USA: California: San Bernardino Co.;    Chaetodipus formosus F. reducta 19 – MLZ 1863 
8.9 mi N, 1.1 E Red Mountain        F. reducta 19 – MLZ 1864 
             F. reducta 19 – MLZ 1865 
             F. reducta 19 – MLZ 1868 
             F. reducta 19 – MLZ 1869 
             F. reducta 19 – MLZ 1870 
 
Fahrenholzia zacatecae 
26. USA: New Mexico: Dona Ana Co.;    Chaetodipus eremicus F. zacatecae 26 – NMMNH 4433 
1 mi S jct. I-10 & Picacho Ave        F. zacatecae 26 – NMMNH 4434 
            F. zacatecae 26 – NMMNH 4435 
            F. zacatecae 26 – NMMNH 4436 
            F. zacatecae 26 – NMMNH 4438 






Table 4.4.—Fahrenholzia taxa included in the analysis of sequence variation in the nuclear Elongation Factor 1 Alpha (EF-1α) 
gene.  Lice are grouped by locality (see Table 4.2 for full locality information and for definition of museum acronyms).  The 
asterisk identifies an instances in which the exact host specimen was not available.
 
Locality Number and Fahrenholzia Specimens     Host Species 
 
  1.  F. fairchildi 1*         Liomys salvini 1 – LSUMZ 2550 
  5.  F. boleni 5 – NMMNH 4728       Perognathus merriami 5 – NMMNH 4728 
  7.  F. texana 7 – NMMNH 4491       Liomys irroratus 7 – NMMNH 4491 
  9.  F. microcephala 9 – CNMA 39674      Liomys pictus 9 – CNMA 39674 
12.  F. ehrlichi 12 – CNMA 41832       Liomys irroratus 12 – CNMA 41832 
15.  F. hertigi 15 – LSUMZ 36300       Heteromys desmarestianus 15 – LSUMZ 36300 
15.  F. ferrisi 15 – LSUMZ 36300       Heteromys desmarestianus 15 – LSUMZ 36300 
19.  F. reducta 19 – MLZ 1863       Chaetodipus formosus MLZ 1863 
22.  F. tribulosa 22 – MLZ 1843       Chaetodipus californicus 22 – MLZ 1843 
28.  F. pinnata 28 – NMMNH 4377       Dipodomys ordii 28 – NMMNH 4377 
36.  F. pinnata 36 – MLZ 2046       Perognathus longimembris 36 – MLZ 2046 
34.  F. pinnata 34 – LSUMZ 36198       Dipodomys merriami 34 – LSUMZ 36198 
35.  F. pinnata 35 – UNLV 3886       Dipodomys deserti 35 – UNLV 3886 




Figure 4.1.  Geographic distribution of the Fahrenholzia specimens used in the phylogenetic analyses.  Numbers refer to collecting 
localities listed in Table 4.2. 
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extraction of whole genomic DNA while retaining the louse as a voucher specimen for each 
extract.  Louse specimens were re-identified to verify the original identification Voucher 
specimens are currently housed at the .Louisiana State University Museum of Natural 
Science. 
For future cophylogenetic analyses, host tissues were collected and stored at –70oC.  
There were only two instances in which DNA from the exact host specimen was not available 
(Table 4.2).  In one instance, the louse specimen was donated for analysis (F. fairchildi 1* 
donated by L. Durden) and in the other instance, amplification of host DNA was not possible 
(F. pinnata 23*).  In both instances, DNA was obtained from a heteromyid specimen of the 
host species from a nearby locality (Table 4.2). 
4.2.2. DNA Amplification and Sequencing 
Genomic DNA was isolated from the body of each louse using the DNeasy Tissue Kit 
(QIAGEN Inc., Valencia, California) according to louse-specific protocols (Cruickshank et al. 
2001; Johnson and Clayton 2002).  PCR amplification and sequencing of a portion of the 
mitochondrial COI gene (1011 bp) was performed using combinations of the following 
primers: LCO1490, HCO2198 (Folmer et al. 1994), LCO1718 (5’– 
GGRGGRTTYGTAAATTGRYTWRTTCC – 3’), and H7005 (Hafner et al. 1994).  Double-
stranded PCR amplifications were performed in 50 µl reaction volumes using primers 
LCO1490 with HCO2198, LCO1718 with H7005, or LCO1490 with H7005.  Each reaction 
included 1.5 µl of each primer (20 µM), 8 µl of MgCl2 (10 mM), 10 µl of deoxynucleotide-
triphosphate mixture (10 mM solution; dATP, dGTP, dCTP, and dTTP, each 100 mM), 5 µl 
of 10X Taq buffer, and 0.4 µl of Taq DNA polymerase.  The amplification protocol required 
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an initial denaturation step of 94 oC for 1 min, followed by 40 PCR cycles of 94oC (30 sec), 
45oC (45 sec), and 72 oC (45 sec), and a final extension of 72oC for 5 minutes. 
Prior to sequencing, amplified products were purified using either the QIAquick PCR 
Purification Kit or the QIAquick Gel Extraction Kit (QIAGEN, Inc.).  Amplified products 
were sequenced in both directions at the Museum of Natural Science, Louisiana State 
University.  Each 10 µl reaction included 1.6 µl of BigDyeTM (Applied Biosystems, Perkin-
Elmer Corporation), 0.32 µl of 10 µM primer, 2.0 µl of 5X ABI extension buffer, 4.08 µl of 
ddH2O, and 2 µl of amplification product.  Samples were sequenced for 24 cycles at 96oC (20 
sec; 1 cycle) then 96oC (12 sec; 23 cycles), 50oC (15 sec), and 60oC (4 min).  These sequences 
were then purified with Centri-Sep spin columns (Princeton Separations) and were 
electrophoresed using an ABI Prism 377 Genetic Analyzer (Perkin Elmer, Foster City, CA).  
Sequences were edited using Sequencher Version 4.1 (Gene Codes Corporation, Ann Arbor, 
Michigan) and aligned using Se-Al v2.0a11 (http://evolve.zps.ox.ac.uk/Se-Al/Se-Al.html).  
Primer sequences were removed and sequences were trimmed in reference to the translated 
protein sequence using Se-AL v2.01a11 and MacClade 4.0 (Maddison and Maddison 2000).  
Lice sequenced for the COI gene are listed in Tables 4.2 and 4.3.  Only partial sequences were 
obtained for F. pinnata 10 – LSUMZ 36245, F. pinnata 13 – LSUMZ 36354, F. pinnata 21 – 
MLZ 1892, F. pinnata 33 – LSUMZ 36192, and F. pinnata 37 – MLZ 1903.  Outgroup taxa 
consisted of two louse specimens belonging to the genus Polyplax (P. auricularis and P. 
borealis), a closely related member of the family Polyplacidae (J. Light unpubl. data).  All 
sequences will be submitted to GenBank. 
To examine louse sequence variation at a single locality for the same host species, 
multiple specimens of three louse species, F. ehrlichi, F. reducta, and F. zacatecae, were 
 150 
sequenced for the mitochondrial COI gene.  Six specimens of each louse species, each 
specimen taken from a different host individual, were sequenced from each locality (Table 
4.3). 
A portion of the nuclear gene Elongation Factor 1 Alpha (EF-1α) also was sequenced 
to provide an additional hypothesis of louse relationships based on a molecular marker 
independent of the mitochondrial genome.  Fourteen specimens representing ten Fahrenholzia 
species were examined for EF-1α (Table 4.4).  Amplification of EF-1α from F. zacatecae 
was not successful.  PCR amplification and sequencing of a portion of the EF-1α gene (346 
bp) was performed using the primers For3 and Cho10 (Danforth and Ji 1998).  One double-
stranded PCR amplification was performed in 50 µl reaction volumes and the reaction 
included 2.5 µl of each primer (10 µM), 9 µl of MgCl2 (10 mM), 10 µl of deoxynucleotide-
triphosphate mixture (10 mM solution; dATP, dGTP, dCTP, and dTTP, each 100 mM), 5 µl 
of 10X Taq buffer, and 0.4 µl of Taq DNA polymerase.  The amplification protocol required 
an initial denaturation step of 94 oC for 2 min, followed by 29 PCR cycles of 94oC (1 min), 
46oC (55 sec), and 72 oC (1 min), and a final extension of 72 oC for 5 min. 
PCR cleanup and sequencing of the EF-1α gene were performed using the same 
techniques used for the mitochondrial gene.  Sequences were edited using Sequencher 
Version 4.1 (Gene Codes Corporation, Ann Arbor, Michigan), aligned using Se-Al v2.0a11 
(http://evolve.zps.ox.ac.uk/Se-Al/Se-Al.html), and will be submitted to GenBank.  Primer 
sequences were removed and sequences were trimmed in reference to the translated protein 
sequence from each gene using Se-AL v2.01a11.  Two outgroup taxa belonging to the family 
Polyplacidae were downloaded from GenBank (Neohaematopinus sciuri [AF 320433] and 
Linognathoides marmotae [AF 320418]) and used in the analysis of EF-1α. 
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4.2.3. Analysis of Molecular Data 
 Phylogenetic inference can be affected by base composition heterogeneity, especially 
for older divergences (Lockhart et al. 1994; Galtier and Gouy 1998; Jansa and Weksler 2004; 
Schwarz et al. 2004), and many insects are known to show A-T bias in mitochondrial genes, 
especially at third positions (Jermiin and Crozier 1994; Schwarz et al. 2004).  Therefore, base 
composition for the mitochondrial gene COI was analyzed for each codon position using Chi-
square tests (χ2 tests) implemented in PAUP*b4.10 (Swofford 2002).  Each taxon also was 
assessed individually for significant departure from the average base composition using a χ2 
goodness-of-fit test with a Bonferroni adjustment for multiple tests (Jansa and Weksler 2004).  
An incongruence length difference test (Farris et al. 1994) using a heuristic search with 100 
random addition replicates (implemented as the partition homogeneity test in PAUP* 4.0b10; 
Swofford 2002) was used to determine if significant conflict exists between codon positions. 
Phylogenetic analyses were conducted on the louse COI data set using maximum 
parsimony (MP), maximum likelihood (ML), and Bayesian approaches.  Only MP and ML 
analyses were performed on EF-1α and COI + EF1α data sets.  Equally weighted maximum 
parsimony heuristic searches were performed on the COI and COI + EF1α data sets with 100 
random addition replicates and tree bisection-reconnection (TBR) branch swapping using 
PAUP*4.0b10.  A branch and bound search with simple addition was performed on the EF-1α 
data set.  Nonparametric bootstrap (1000 pseudoreplicates and 10 random sequence additions) 
analyses were performed to assess nodal support (Felsenstein 1985).  All executable data files 
for the COI and EF-1α genes will be submitted to TreeBASE (http://www.treebase.org). 
 To generate the best ML tree, Modeltest (Version 3.6; Posada and Crandall 1998) was 
used to examine the fit of 56 models of nucleotide substitution to the sequence data.  Models 
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of evolution providing the best approximation of the data using the fewest parameters were 
chosen for subsequent analyses according to hierarchical likelihood ratio tests (hLRTs) and 
the Akaike Information Criterion (AIC; Huelsenbeck and Rannala 1997; Posada and Buckley 
2004).  The GTR model, including among-site rate variation and invariable sites (GTR+I+Γ; 
Gu et al. 1995; Yang 1994), was chosen as the best model of evolution according to both the 
hLRT and AIC for the louse COI data set and the TrNef+Γ model was chosen by both the 
hLRT and AIC for the EF-1α data set.  The TVM+I+Γ and the GTR+ I+Γ models were 
chosen by the hLRT and AIC, respectively, for the COI + EF1α data set.  A full heuristic ML 
search was conducted using the successive-approximations approach with the preferred model 
in PAUP* 4.0b10 (Swofford 2002).  A full heuristic bootstrap (200 pseudoreplicates) also 
was performed using the preferred model on a Beowolf cluster with eight alpha-processor 
nodes.  Only the results of the hLRTs are presented here because both approaches selected 
similar models and phylogenetic analysis using these models of evolution yielded the same 
topology. 
 Bayesian phylogenetic analyses were performed using MrBayes 2.01 (Huelsenbeck 
and Ronquist 2001).  The GTR+I+Γ model was used in the COI analysis where model 
parameters were treated as unknown variables with uniform priors and were estimated as part 
of the analysis.  Bayesian analyses were initiated with random starting trees, run for 2 x 106 
generations with 4 incrementally heated chains (Metropolis-coupled Markov chain Monte 
Carlo; Huelsenbeck and Ronquist 2001), and sampled at intervals of 100 generations.  Two 
independent Bayesian analyses were run to avoid entrapment on local optima, and log-
likelihood scores were compared for convergence (Huelsenbeck and Bollback 2001; Leaché 
and Reeder 2002).  Stationarity was assessed by plotting the log likelihood scores of sample 
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points against generation time.  All burn-in points (the first 2500 trees) were discarded.  The 
retained equilibrium samples were used to generate a 50% majority rule consensus tree with 
the percentage of samples recovering any particular clade representing that clade’s posterior 
probability (Huelsenbeck and Ronquist 2001). 
 Phylogenetic congruence of the louse COI and EF-1α data sets was evaluated using 
the partition homogeneity test (Farris et al. 1994) in PAUP*4.0b10 (Swofford 2002).  One 
thousand partition replicates were analyzed by maximum parsimony (heuristic search option 
and random addition replicates of tree bisection-reconnection branch swapping).  Alternative 
phylogenetic hypotheses were compared statistically using the Kishino-Hasegawa and 
Shimodaira-Hasegawa tests as implemented in PAUP*4.0b10 (MP and ML analyses using 
RELL optimization and 1,000 bootstrap replicates; Goldman et al., 2000; Shimodaira and 
Hasegawa 1999). 
 4.2.4. Morphological Analysis 
 Eighteen morphological characters (Table 4.5) were scored for the 12 Fahrenholzia 
species using information from species descriptions and taxonomic keys (Stojanovich and 
Pratt 1961; Johnson 1962; McDaniel 1968; Kim et al. 1986).  No specimens were examined 
directly in this analysis.  Rather, each species used in the morphological analysis is 
representative of the type species (Table 4.1).  An unrooted cladistic analysis was performed 
using an exhaustive parsimony search, and nodal support was assessed by a nonparametric 





Table 4.5.—List of characters (coding in parentheses) used in morphological analysis of the 
12 Fahrenholzia species.  Each species was scored for each character based on information 
contained in published species descriptions and taxonomic keys (Johnson 1962; Stojanovich 
and Pratt 1961; McDaniel 1968; Kim et al. 1986). 
 
  1. Absence/Presence of paratergite on abdominal segment 2 (0,1) 
  2. Absence/Presence of paratergite on abdominal segment 3 (0,1) 
  3. Absence/Presence of paratergite on abdominal segment 4 (0,1) 
  4. Absence/Presence of paratergite on abdominal segment 5 (0,1) 
  5. Absence/Presence of paratergite on abdominal segment 6 (0,1) 
  6. Absence/Presence of paratergite on abdominal segment 7 (0,1) 
   7. Paratergite on Segment 3 bilobed (0,1) (no,yes) 
  8. Thoracic Sternal Plate (0=as wide as long, 1=longer than wide) 
   9. First antennal segment tooth (0=absent, 1=present) 
10. Anterior margin thoracic sternal plate (0=convex, 1=concave) 
11. Narrow median longitudinal sclerotized plate on dorsal surface of  
abdomen between paratergites 2 (0=absent, 1=present) 
12. Setae between lobes of paratergites 2 (0=absent, 1=present=2) 
13. Female genital plate (0=absent, 1=present) 
14. Female genital plate with apically fringed processes (0=no, 1=yes) 
15. Male genitals (0=not expanded, 1=expanded) 
16. Male paramere (0=without tooth, 1=with tooth) 
17. Antennae segments 3-5 coalesced (0,1) 
18. Second and third tarsi with toothlike projection at outer basal edge (0,1) 
 
4.3. Results 
4.3.1. Sampling Efforts 
 The heteromyid hosts Dipodomys californicus, D. elator, Perognathus inornatus, 
Heteromys anomalus, H. goldmani, H. gaumeri, and Liomys adspersus could not be collected 
for this study; thus, these host associations (Tables 4.1 and 4.6) could not be verified.  
Specimens of Fahrenholzia schwartzi were obtained from museum skins of H. anomalus, but 
the DNA of these lice could not be amplified.  Although specimens of Chaetodipus nelsoni (n 
= 20), C. penicillatus (n = 8), D. agilis (n = 2), Perognathus flavescens (n = 1), P. parvus (n = 
2), Microdipodops megacephalus (n = 63), and M. pallidus (n = 38) were collected, no lice 
were observed on these specimens (Table 4.6).  Additional heteromyid species not known to  
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Table 4.6.—Verification of host associations for the 12 species of Fahrenholzia sucking lice (Kim et al. 1986; Thomas et al. 1990; 
Whitaker et al. 1993; Durden and Musser 1994a, 1994b).  Potential hosts were either brushed or washed to obtain lice (Materials 
and Methods).  Lice from some of the localities were not included in the phylogenetic analyses.  Host genera are as follows: C = 
Chaetodipus, D = Dipodomys, H = Heteromys, L = Liomys, M = Microdipodops, and P = Perognathus.  An asterisk identifies the 
type host for each louse species. 
 
Louse Species  Host Species  Number of Hosts  Number of Localities       Locality Numbers Comments 
      Examined (with lice) Examined (with lice)     (Fig. 4.1; Table 4.2) 
 
F. boleni  P. merriami*           8 (1)    4 (1)        5  Published host 
               association verified 
 
F. ehrlichi  L. irroratus*          23 (21)    9 (9)   7, 8, 10, 11, Published host 
             12, 17, 39 association verified 
 
F. fairchildi  L. adspersus            0    ----       ----  Host not examined 
 
F. fairchildi  L. salvini          11 (11)    1 (1)        1  Published host 
    association verified 
 
F. fairchildi  H. desmarestianus*           1 (0)    1 (0)       ----  Published host 
               association not verified 
 
F. ferrisi  H. desmarestianus           1 (1)    1 (1)       15  Published host 
               association verified 
 
F. ferrisi  H. goldmani*            0    ----       ----  Host not examined 
 
F. ferrisi  H. gaumeri            0    ----       ----  Host not examined 
 
F. hertigi  H. desmarestianus*           1 (1)    1 (1)       15  Published host 
               association verified 
 
F. microcephala  L. pictus*            5 (2)    5 (2)      9, 14  Published host 
               association verified 
 
F. pinnata  D. californicus*            0    -----       ----  Host not examined 
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Table 4.6. Continued 
 
Louse Species  Host Species  Number of Hosts  Number of Localities       Locality Numbers Comments 
      Examined (with lice) Examined (with lice)     (Fig. 4.1; Table 4.2) 
 
F. pinnata  D. deserti            6 (2)    3 (2)       35  Published host 
               association verified 
 
F. pinnata  D. elator              0    ----       ----  Host not examined 
 
F. pinnata  D. heermanni          21 (3)    3 (2)       23  Published host 
               association verified 
 
F. pinnata  D. merriami          77 (26)   31 (13)            2, 6, 19, 20, 21, Published host 
                   26, 32, 33, 34, 35 association verified 
 
F. pinnata  D. microps            4 (3)    2 (2)       36  Published host 
               association verified 
 
F. pinnata  D. nelsoni            5 (1)    3 (1)       4  New host association 
 
F. pinnata  D. ordii            15 (8)   10 (5)            3, 16, 28, 37, 38 Published host 
               association verified 
 
F. pinnata  D. panamintinus           10 (3)    3 (2)       18  New host association 
 
F. pinnata  D. phillipsii             4 (2)    2 (2)      10, 17  Published host 
               association verified 
 
F. pinnata  D. spectabilis             7 (1)    1 (1)       29  Published host 
               association verified 
 
F. pinnata  M. megacephalus            63  (0)   18 (0)       ----  Published host 
               association not verified 
 
F. pinnata  C. penicillatus              8 (0)    4 (0)       ----  Published host 
               association not verified 
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Table 4.6. Continued 
 
Louse Species  Host Species  Number of Hosts  Number of Localities       Locality Numbers Comments 
      Examined (with lice) Examined (with lice)     (Fig. 4.1; Table 4.2) 
 
F. pinnata  P. flavescens              1  (0)    1 (0)       ----  Published host 
               association not verified 
 
F. pinnata  P. flavus             52  (5)   14 (3)              13, 24, 25  Published host 
               association verified 
 
F, pinnata  P. inornatus              0    ----       ----  Host not examined 
 
F. pinnata  P. longimembris            15  (6)    5 (3)                  19, 36  Published host 
               association verified 
 
F. pinnata  P. parvus              2 (0)    2 (0)       ----  Published host 
               association not verified 
 
F. reducta  C. baileyi            12  (4)    6 (3)              27, 30, 31  Published host 
               association verified 
 
F. reducta  C. formosus*              8  (8)    1 (1)                    19  Published host 
               association verified 
 
F. reducta  P. parvus              2  (0)    2 (0)      ----  Published host 
               association not verified 
 
F. texana  L. irroratus*              9  (1)    4 (1)        7  Published host 
               association verified 
 
F. tribulosa  C. californicus*              8  (2)    2 (2)                 22, 23  Published host 
               association verified 
 





Table 4.6. Continued 
 
Louse Species  Host Species  Number of Hosts  Number of Localities       Locality Numbers Comments 
      Examined (with lice) Examined (with lice)      (Fig. 4.1; Table 4.2) 
 
F. zacatecae  C. eremicus             20 (8)    9 (1)        26  New host association 
 
F. zacatecae  C. hispidus*               6 (2)    6 (2)                  4, 40  Published host 
               association verified 
 
F. zacatecae  C. intermedius              26 (4)   11 (1)        28  New host association 
 
Unknown  D. agilis                 2 (0)    2 (0)        ----  Not known if host 
is parasitized 
 
Unknown  C. nelsoni              20 (0)   12 (0)         ----  Not known if host 
is parasitized 
 




have lice were sampled, yielding several new host records, including F. pinnata from 
Dipodomys panamintinus and D. nelsoni, and F. zacatecae from Chaetodipus intermedius and 
C. eremicus. 
4.3.2. Sequence Characteristics of the COI Gene 
This analysis revealed no significant conflict between codon positions in the 
mitochondrial COI gene (p = 0.92), therefore all codon positions were combined in 
subsequent phylogenetic analyses.  No taxon differed significantly in base composition from 
the expected value for either the first, second, or third codon positions (χ2 < 17.18, df = 3).  
Only the third codon position of the COI gene showed a significant amount of base 
composition heterogeneity among taxa (Table 4.7). but the A-T bias at the third position was 
not significantly more than the bias observed at first and second positions (Table 4.7).  Third 
codon positions also were saturated (data not shown), but phylogenetic analyses removing 
third positions had no affect on basal louse relationships. 
 Little sequence variation for the COI gene was observed in multiple individuals of 
Fahrenholzia ehrlichi (average uncorrected p distance of 0.409%), F. reducta (1.46%), and F. 
zacatecae (0.231%) collected from single localities (Table 4.3).  Within-species sequence 
variation was 25.71% for F. microcephala, 17.29% within F. pinnata (plus F. boleni), 13.09% 
within F. irroratus, 11.62% within F. reducta, 9.72% within F. zacatecae, and 0.43% within 
F. tribulosa. 
4.3.3. Phylogenetic Analysis 
Of the 1011 bp of the COI gene examined, 514 bp were potentially parsimony 
informative.  MP analysis of the COI gene produced 36 equally parsimonious trees (Fig. 4.2; 
length = 3932, CI = 0.286, RI = 0.657, RC = 0.188).  Parsimony, ML (Fig. 4.3), and Bayesian  
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Table 4.7.—Average base frequency and Chi-square tests of bias across all Fahrenholzia taxa for the COI gene by codon position. 
 
     Base    
Codon Position A  C  G  T  A-T frequency      χ2  P 
 
 First  0.2766  0.1557  0.2806  0.2871        56.37    73.41    1.0 
 Second 0.1392  0.2015  0.2087  0.4506        58.98    13.71    1.0 
 Third  0.3028  0.1226  0.1587  0.4159        71.87  361.95  <0.0001 




Figure 4.2.  Cladogram resulting from parsimony analysis of the COI gene for 52 
Fahrenholzia specimens (Table 4.2).  Bootstrap support values greater than 75 are indicated 
above the nodes.  Species names are followed by locality number and museum specimen 
number for the host (Fig. 4.1 and Table 4.2).  Host associations are listed to the right of the 
cladogram.  Abbreviations for host genera are as follows: C = Chaetodipus, D = Dipodomys, 





Figure 4.3.  Cladogram resulting from maximum likelihood analysis of the COI gene for 52 
Fahrenholzia specimens (Table 4.2).  Bootstrap support values greater than 75 are indicated 
above the nodes.  Species names are followed by locality number and museum specimen 
number for the host (Fig. 4.1 and Table 4.2).  Host associations are listed to the right of the 
cladogram.  Abbreviations for host genera are as follows: C = Chaetodipus, D = Dipodomys, 








(Fig. 4.4) analyses resulted in conflicting topologies because of lack of resolution at basal 
nodes in the MP analyses. All analyses supported monophyly of the genus Fahrenholzia (MP 
bootstrap = 89, ML bootstrap = 100, and Bayesian posterior probability = 100) and 
monophyly of a clade of F. pinnata and F. boleni (MP bootstrap = 100, ML bootstrap = 100, 
and Bayesian posterior probability = 100; Figs. 4.2 – 4.4).  Phylogenetic analyses also 
supported a monophyletic clade of lice parasitizing the host genus Chaetodipus (F. zacatecae, 
F. reducta, and F. tribulosa), although support for this clade in the ML analysis was low 
(bootstrap < 75; Fig. 4.3).  Additionally, F. reducta appeared to be paraphyletic in the 
phylogenetic analyses, with separate lineages parasitizing C. baileyi and C. formosus (this 
relationship, however, had low MP and ML bootstrap support; Figs. 4.2 and 4.3).  ML and 
Bayesian analyses supported a monophyletic clade of lice parasitizing the host subfamily 
Heteromyinae (the F. microcephala group; Figs. 4.3 and 4.4).  Lice parasitizing the genus 
Liomys, and the species L. irroratus and Heteromys desmarestianus were not monophyletic 
(Figs. 4.2 – 4.4).  Lastly, ML and Bayesian analyses supported a sister relationship of lice 
parasitizing the host subfamilies Heteromyinae and Dipodomyinae plus Perognathus (F. 
pinnata; ML bootstrap = 90; Bayesian posterior probability = 100; Figs. 4.3 and 4.4). 
Of the 346 bp of the EF-1α gene examined, 39 were potentially parsimony 
informative.  Parsimony analysis of the EF-1α gene resulted in 12 equally parsimonious trees 
(Fig. 4.5A; length 106, CI = 0.858, RI = 0.882, RC = 0.757).  Results from the MP and ML 
(Fig. 4.5B) analyses did not conflict strongly with each other or with results from the COI 
analyses.  MP and ML analyses of EF-1α supported a clade containing F. pinnata and F. 
boleni (MP bootstrap = 100, ML bootstrap = 95) and, within this clade, a clade of F. pinnata 




Figure 4.4. Phylogram resulting from Bayesian analysis of the COI gene for 52 Fahrenholzia 
specimens (Table 4.2).  Bayesian posterior probabilities greater than 95 are indicated above 
the nodes.  Species names are followed by locality number and museum specimen number for 
the host (Fig. 4.1 and Table 4.2).  Host associations are listed to the right of the phylogram.  
Abbreviations for host genera are as follows: C = Chaetodipus, D = Dipodomys, H = 







Figure 4.5.  A) Cladogram resulting from parsimony analysis of the EF-1α gene for 14 
Fahrenholzia specimens (host species are also listed; Table 4.4).  Bootstrap support values are 




MP and ML analyses also resulted in several strongly supported clades, including F. hertigi 
and F. fairchildi (MP bootstrap = 82, ML bootstrap = 69), F. ferrisi and F. texana (MP  
bootstrap = 74, ML bootstrap = 60), and F. tribulosa with F. reducta (MP bootstrap = 100, 
ML bootstrap = 99; Fig. 4.5).  Only MP analyses supported a clade of lice parasitizing the 
host subfamily Heteromyinae (the F. microcephala group; bootstrap = 75), and only MP 
analyses supported the sister relationship of lice parasitizing the host subfamilies 
Heteromyinae and Dipodomyinae plus Perognathus (F. pinnata; bootstrap = 66; Fig. 4.5A). 
The partition homogeneity test did not detect significant heterogeneity between the 
COI and EF-1α genes (P = 0.961), so these data were pooled for a combined analysis of all 
taxa for which EF-1α sequences were available.  Of the 1357 bp examined in this analysis, 
493 were potentially parsimony informative.  Parsimony analysis of the COI + EF-1α genes 
resulted in one most-parsimonious tree (Fig. 4.6A; length = 2049, CI = 0.504, RI = 0.466, RC 
= 0.236).  Again, results from the MP and ML analyses (Fig. 4.6B) did not disagree strongly 
with each other or with results from the COI and EF-1α analyses.  This combined analysis, 
however, did yield more resolution than the EF-1α analysis alone (Fig. 4.5).  The combined 
analysis supported a clade of F. pinnata plus F. boleni (MP bootstrap = 100, ML bootstrap = 
100) and, within this clade, a clade of F. pinnata parasitizing D. merriami and D. deserti (MP 
bootstrap = 100, ML bootstrap = 100) and a clade of F. pinnata and F. boleni parasitizing 
Perognathus (MP bootstrap = 98, ML bootstrap = 93; Fig. 4.6).  MP and ML analyses also 
supported a clade of lice parasitizing the host subfamily Heteromyinae (the F. microcephala 
group; MP bootstrap = 80, ML bootstrap = 85).  Within this clade, there also was support for 
clades containing F. hertigi and F. fairchildi (MP bootstrap = 52, ML bootstrap = 96) and  F. 
ehrlichi and F. microcephala (MP bootstrap = 96, ML bootstrap = 89).  Both MP and ML  
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Figure 4.6.  A) Cladogram resulting from parsimony analysis of the combined COI and EF-1α 
sequence data for Fahrenholzia.  Bootstrap support values are indicated above the nodes.  B) 




analyses supported a clade of lice hosted by Chaetodipus (F. tribulosa and F. reducta; MP 
bootstrap = 100, ML bootstrap = 97; Fig. 4.6).  Only ML analyses supported a sister 
relationship of lice parasitizing the host subfamilies Heteromyinae and Dipodomyinae plus 
Perognathus (F. pinnata; bootstrap = 83; Fig. 4.6B). 
 Cladistic analysis of the 18 morphological characters yielded five equally parsimony 
trees (Fig. 4.7; length 19, CI = 0.789, RI = 0.84, RC = 0.663).  Taxon groupings were similar 
to those in the literature (Stojanovich and Pratt 1961; Johnson 1962; McDaniel 1968; Kim et 
al. 1986), although many of these groupings received low bootstrap support because of the 
small number of characters examined (Table 4.5).  Notable groupings included Fahrenholzia 
ehrlichi and F. microcephala (bootstrap = 64), F. fairchildi and F. hertigi (bootstrap = 63), 
and F. tribulosa and F. zacatecae (bootstrap = 85).  Relationships for F. pinnata, F. boleni, 
and F. texana were unresolved.  A combined analysis of the three datasets (COI, EF-1α, and 
morphology) yielded topologies that were almost identical to the results of the combined 
molecular analysis (Fig. 4.6; results available upon request). 
4.4. Discussion 
 This study is the first to hypothesize relationships among the currently recognized 
Fahrenholzia species, and it is also the first effort to sample Fahrenholzia lice and their 
heteromyid hosts across their geographic range to verify known, and establish new, host 
associations.  Twenty out of the 33 known host associations were verified, four new host 
associations were established, and three potential hosts were examined for lice, but with 
negative results (Tables 4.1 and 4.6).  Based on the number of specimens and localities 
sampled in this study, it is likely that Chaetodipus nelsoni (n = 20 specimens examined from 
11 localities) and Microdipodops pallidus (n = 38 from 14 localities) do not harbor sucking  
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Figure 4.7.  Cladogram resulting from a cladistic analysis of 18 morphological characters 
(Table 4.6) for all 12 Fahrenholzia species.  Characters for each species were scored based on 
published species descriptions and taxonomic keys ((Johnson 1962; Stojanovich and Pratt 
1961; McDaniel 1968; Kim et al. 1986).  Bootstrap support values are indicated above the 
nodes.  Each Fahrenholzia species is representative of the type species parasitizing the type 
host.  Type hosts are indicated by asterisks in Table 4.1. 
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lice.  Seven published host associations could not be verified because the host was not 
examined, and five additional host associations that were unverified (Table 4.6) likely were 
the result of low sampling intensity (< ten hosts of each species were examined).  In contrast, 
63 specimens of M. megacephalus from 14 localities across their geographic range were 
examined for lice, and no lice were recovered.  Microdipodops megacephalus was a reported 
host of F. pinnata (Ferris 1916), but given the sample size of specimens and localities in this 
study, sampling error is unlikely.  It is possible, of course, that M. megacephalus hosted F. 
pinnata in the past and no longer does, but it is more likely that the report by Ferris (1916) 
was in error.  Ferris (1916) listed F. pinnata from skins of M. megacephalus, but provided no 
museum number for either the host or the louse.  All subsequent publications (Ferris 1951; 
McDaniel 1968; Kim et al. 1986; Whitaker et al. 1993; Durden and Musser 1994a, 1994b) 
listing the hosts of Fahrenholzia are contradictory: some reports list M. megacephalus as a 
host by citing Ferris (1922), whereas others do not list M. megacephalus as a host of F. 
pinnata.  Thus, no study subsequent to 1916 has verified the host association of F. pinnata 
and M. megacephalus. 
 The molecular data collected in this study are the first such data obtained from 
Fahrenholzia lice.  As such, it was necessary to examine multiple louse specimens from the 
same locality (Table 4.3) to determine the amount of genetic variation present within a host 
population.  Because within locality variation was minimal (< 1.5%), a single louse specimen 
per locality was considered representative of the population and therefore adequate for use in 
phylogenetic analyses.  The results of these analyses yielded similar topologies for the 11 
Fahrenholzia species analyzed and relationships among these species are discussed in detail 
below. 
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 4.4.1. Fahrenholzia pinnata and F. boleni 
 Fahrenholzia pinnata is a widespread species known to parasitize at least 18 host 
species of two, possibly three, host genera (Table 4.6).  The extensive sampling undertaken in 
this study suggests that F. pinnata is not a parasite of Microdipodops (contra Ferris 1916).  
Furthermore, it is unlikely that F. pinnata parasitizes Chaetodipus, despite one reported 
occurrence that could not be verified in this study (Table 4.6).  Two new host associations for 
F. pinnata were found in this study, suggesting that additional host associations will be 
discovered with continued sampling. 
 Phylogenetic analyses support monophyly of Fahrenholzia pinnata (plus F. boleni), 
and these taxa are restricted to hosts of the genera Dipodomys and Perognathus (Figs. 4.2 – 
4.6).  The four major clades within F. pinnata (plus F. boleni) are, on average, > 18% 
divergent (uncorrected p distance) from each other at the COI locus, with the most divergent 
clades parasitizing D. ordii (on average, 19% divergent from the other clades) and 
Perognathus (on average, 19.6% from the other clades).  This relatively high level of 
divergence may represent simple geographic variation or it may be evidence of cryptic species 
within F. pinnata. 
 Fahrenholzia boleni parasitizes only Perognathus merriami, and phylogenetic 
analyses show that F. boleni is nested deeply within the F. pinnata specimens that parasitize 
P. flavus.  Only one F. boleni specimen was collected in this study, and although this 
specimen keyed to F. boleni, the morphological characters that distinguish F. boleni from F. 
pinnata (lobes on antennal segments, rounded lobes of genitalia, and concave anterior margin 
of sternal plate; Kim et al. 1986) are subtle and may be reflective of within-species variation.  
Additionally, F. boleni and F. pinnata parasitizing P. flavus are, on average, only 9.4% 
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genetically divergent, considerably less than the divergence levels between other 
Fahrenholzia species.  Accordingly, the results of this analysis call into question the species 
status of F. boleni. 
 Fahrenholzia pinnata specimens parasitizing D. merriami do not form a monophyletic 
group (Figs. 4.2 – 4.6).  Phylogenetic analyses of the COI gene reveal a strongly supported 
eastern (New Mexico and Mexico) and western clade (Nevada and California; Table 4.2; Figs. 
4.2 – 4.4), with the western clade also containing a louse parasitizing D. deserti (F. pinnata 35 
– UNLV 3886).  The louse parasitizing D. deserti is almost genetically identical (0.8% 
genetic divergence) to the louse parasitizing D. merriami from the same locality (F. pinnata 
35 – UNLV 3882; Table 4.2), and average genetic divergence within the clade of lice 
parasitizing all D. merriami plus D. deserti is roughly 3%.  Given this relatively low amount 
of genetic divergence, it is likely that F. pinnata 35 – UNLV 3886 is not representative of F. 
pinnata lineages parasitizing D. deserti.  The F. pinnata specimen examined here is more 
likely an accidental parasite of D. deserti or a product of contamination.  Therefore, the 
phylogenetic placement of F. pinnata lineages parasitizing D. deserti is still unknown, and 
additional localities must be examined to determine the phylogenetic placement of this louse 
lineage. 
 Fahrenholzia pinnata parasitizing D. phillipsii are sister to the lice parasitizing D. 
merriami (Figs. 4.2 – 4.4), and the two louse specimens analyzed (F. pinnata 10 – LSUMZ 
36244 and F. pinnata 17- NMMNH 4496) are 13.1% genetically divergent from each other.  
These specimens are widely separated geographically (ca. 600 km apart), and a genetic 
divergence greater than 10% may be common for lice parasitizing the same host species 
across a large geographic range. 
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 4.4.2. Fahrenholzia ehrlichi, F. texana, and F. microcephala 
 The specimen of F. ehrlichi from locality 7 (F. ehrlichi 7 – NMMNH 4491; Table 4.2; 
Fig. 4.1) is morphologically distinct from, but genetically identical to F. texana from the same 
host specimen (F. texana 7 – NMMNH 4491).  These lice are, on average, 25.06% genetically 
divergent from other F. ehrlichi, (which are, on average, 13.09% genetically divergent from 
each other).  Given the close proximity of F. texana and F. ehrlichi on the same host, it is 
likely that mitochondrial introgression from F. texana to F. ehrlichi has occurred at locality 7.  
Thus, the paraphyly of F. ehrlichi may be a byproduct of a shared mitochondrial haplotype.  If 
so, then F. ehrlichi is a monophyletic taxon roughly 25% genetically divergent from F. 
texana.  Future collections of L. irroratus hosting both species of lice are necessary to 
determine if introgression between F. texana and F. ehrlichi is a common occurrence.  
Additionally, although F. texana is the most divergent (roughly 24%) of the louse species 
parasitizing rodents in the subfamily Heteromyinae (Liomys and Heteromys), this finding may 
change with the inclusion of other louse lineages parasitizing Liomys and Heteromys. 
 Phylogenetic analysis indicates a sister relationship between F. ehrlichi and F. 
microcephala.  The two F. microcephala specimens, however, are highly divergent 
(approximately 26%).  Although these two specimens are from the extreme eastern and 
northwestern ends of the range of their host species (ca. 850 km apart), the extremely high 
genetic divergence between these two specimens is more likely evidence of cryptic species.  
Additional sampling and analysis of F. microcephala from intermediate localities is necessary 




 4.4.3. Fahrenholzia ferrisi, F. hertigi, and F. fairchildi 
 Genetic divergence among F. fairchildi, F. ferrisi, and F. hertigi is high, averaging 
23% uncorrected p distance for the COI gene.  Although F. hertigi and F. ferrisi were 
collected from the same host specimen (H. desmarestianus 15 – LSUMZ 36300), they are 
genetically and morphologically distinct species.  Phylogenetic analysis supports a sister 
relationship between Fahrenholzia hertigi and F. fairchildi, even though these two species 
parasitize different host genera (Heteromys and Liomys, respectively).  Phylogenetic 
placement of F. ferrisi is uncertain; this species is sometimes associated with either F. hertigi 
and F. fairchildi (Figs. 4.3 and 4.4; although with low support), or with F. texana (Fig. 4.5; 
also with low support).  Both F. fairchildi and F. ferrisi parasitize multiple host species 
(Tables 4.1 and 4.6), and the inclusion of these lice from additional host species is necessary 
to determine the phylogenetic relationships among these species. 
 4.4.4. Fahrenholzia zacatecae, F. reducta, and F. tribulosa 
 Fahrenholzia lice parasitizing Chaetodipus (F. zacatecae, F. reducta, and F. 
tribulosa) comprise a morphologically and genetically distinct group.  All molecular data 
support a sister relationship between F. reducta and F. tribulosa (Figs. 4.2 – 4. 6; 19.8% 
divergence), whereas morphology indicates that F. zacatecae and F. tribulosa are sister taxa 
(Fig. 4.7).  This conflict between molecular and morphological analyses is likely the result of 
the small number of morphological characters included in the analysis. 
 Genetic divergence among the four F. zacatecae specimens is, on average, 9.72%, 
even though this louse species parasitizes multiple host species (C. eremicus, C. hispidus, and 
C. intermedius).  Fahrenholzia zacatecae, similar to F. pinnata, is likely widespread among 
Chaetodipus species.  Because this study identified two new host associations for F. 
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zacatecae (C. eremicus and C. intermedius; Table 4.6), it is likely that continued sampling 
will reveal additional host associations. 
 Phylogenetic analysis of the mitochondrial COI gene suggests that Fahrenholzia 
reducta is paraphyletic.  While Bayesian posterior probability (99) strongly supports the 
paraphyly of F. reducta (Fig. 4.4), bootstrap support is less than 75 for both MP and ML 
analyses (Figs. 4.2 and 4.3).  The F. reducta specimen parasitizing C. formosus (F. reducta 19 
– MLZ 1869) is more closely related to F. tribulosa than it is to other F. reducta specimens 
parasitizing C. baileyi.  Examination of multiple F. reducta individuals from locality 19 
(Table 4.3) indicates that the louse used in the mitochondrial analysis is representative of the 
population, so it appears that C. formosus hosts a population of F. reducta that is genetically 
from F. reducta hosted by C. baileyi.  However, divergence among F. reducta specimens, 
including the specimen from locality 19 is low (11.6% divergence), whereas F. reducta 
parasitizing C. formosus and C. baileyi are 20.4% and 19.7% genetically divergent from F. 
tribulosa, respectively.  These data indicate that F. reducta 19 – MLZ 1869 is genetically 
more similar to other F. reducta than it is to F. tribulosa.  Phylogenetic analyses, however, 
support a F. reducta 19 – MLZ 1869 plus F. tribulosa clade.  Additional sampling is 
necessary to determine if F. reducta is a monophyletic species, and to determine relationships 
among these three louse species. 
 4.4.5. Fahrenholzia schwartzi 
 Only one louse species, Fahrenholzia schwartzi was not included in the phylogenetic 
analysis.  This specimen was not collected during field work, and multiple attempts to amplify 
DNA from dried museum specimens failed.  Morphological analyses (Fig. 4.7) indicate that 
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F. schwartzi is closely related to other members of the F. microcephala group, and previous 
work indicates that F. schwartzi is closest morphologically to F. ferrisi (Johnson 1962). 
4.5. Conclusions 
 Genetic divergences among Fahrenholzia species for the mitochondrial COI gene are 
often greater than 20%.  Given this high level of molecular variation, this study was able to 
resolve phylogenetic relationships among 11 of the 12 Fahrenholzia species, and further 
suggest that cryptic species may exist within F. pinnata and F. microcephala, and that F. 
boleni may not warrant species recognition.  However, despite these findings, additional 
collections and detailed morphological analyses will be necessary before formal taxonomic 
conclusions can be drawn from this analysis. 
 Collection records from this study show that only Fahrenholzia lice parasitize 
heteromyid rodents.  Although other lice have been found on heteromyids (Morlan and Hoff 
1957; Beer et al. 1959; Allred 1970; Johnson 1972), these records appear to be accidental 
occurrences and not true host associations.  Because lice in the genus Fahrenholzia parasitize 
only rodents in the family Heteromyidae, it is likely that this host-parasite relationship has 
persisted over long periods of time, making the likelihood of cophylogeny high.  The 
Fahrenholzia phylogeny presented here will enable future cophylogenetic analyses between 
these lice and their heteromyid hosts. 
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CHAPTER 5.  COPHYLOGENY AND MOLECULAR RATE 
COMPARISONS BETWEEN FAHRENHOLZIA  
SUCKING LICE AND THEIR HETEROMYID HOSTS 
 
5.1. Introduction 
This research tests for cophylogeny between heteromyid rodents and their parasitic 
sucking lice of the genus Fahrenholzia.  Although sucking lice are closely related to chewing 
lice and cophylogeny is common between chewing lice and their mammalian hosts (Hafner 
and Nadler 1988, 1990; Demastes and Hafner 1993; Page 1993a, 1993b; Hafner et al. 1994; 
Page 1994), studies of cophylogeny between sucking lice and their hosts are rare.  The single 
molecular cophylogenetic study of sucking lice and their hosts documented significant 
cophylogeny between primates and their lice (Reed et al. 2004).  Previous studies of parallel 
evolution in sucking lice and their hosts based on morphology, however, suggest a complex 
history involving both cospeciation and host switching events (Kim 1988). 
Analyses of cophylogeny are performed using tree-based and distance-based methods 
in conjunction with data-based methods.  As discussed in Chapter 1, use of multiple tree-
based and data-based methodologies allows a comparison of their utility in cospeciation 
analyses.  If significant cophylogeny is found between heteromyids and their parasitic lice, 
evolutionary rates will be compared between these divergent taxa. 
5.2. Methods 
5.2.1. Rodent Specimens Examined 
Although systematic relationships among heteromyid rodents are relatively well 
known (Alexander and Riddle 2005, and references therein), this study reexamines their 
relationships by generating a phylogeny of the heteromyid host individuals from which the 
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sucking lice were sampled.  Also, because the mitochondrial cytochrome oxidase subunit I 
(COI) gene was used to hypothesize louse relationships (Chapter 4), sequences from this same 
gene for heteromyids are necessary to conduct data-based cophylogenetic analyses and for 
comparisons of molecular rates. 
Fifty heteromyid specimens and their lice were collected from localities across their 
geographic range (Table 4.2 and Fig. 4.2).  Genomic DNA was isolated from liver tissue 
using the DNeasy Tissue Kit (QIAGEN Inc., Valencia, California).  PCR amplifications of the 
entire COI gene (1551 bp) were performed in 50 µl reaction volumes using primers COI-
5285f and COI-6929r (Spradling et al. 2004).  The primers COI-5285f, COI-6929r, MCO-
173f (5’ – TAT TAG GNG AYG AYC ARA T – 3’), MCO-1480r (5’ – ATA ATY TWY 
ATA ATY TGA GAA GC – 3’), and MCO-1345r (5'- TAA CHT TYT TCC CWC AAC A -
3') were used to perform sequencing reactions.  PCR amplifications were performed in 50 µl 
reaction volumes using primers COI-5285f with COI-6929r.  Each reaction included 2.5 µl of 
each primer (10 µM), 4 µl of MgCl2 (10 mM), 2 µl of deoxynucleotide-triphosphate mixture 
(10 mM solution; dATP, dGTP, dCTP, and dTTP, each 100 mM), 5 µl of 10X Taq buffer, and 
0.2 µl of Taq DNA polymerase.  The amplification protocol required an initial denaturation 
stage of 94 oC for 2 minutes, followed by 38 PCR cycles of 94oC (1 min), 47 oC (1 min; 4 
cycles) then 56 oC (1 min; 34 cycles), and 72 oC (1 min), and a final extension of 72 oC for 10 
minutes. 
Prior to sequencing, amplified products were purified using either the QIAquick PCR 
Purification Kit or the QIAquick Gel Extraction Kit (QIAGEN, Inc.).  Amplified products 
were sequenced in both directions at the Museum of Natural Science, Louisiana State 
University.  Each 10 µl reaction included 1.6 µl of BigDyeTM (Applied Biosystems, Perkin-
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Elmer Corporation), 0.32 µl of 10 µM primer, 2.0 µl of 5X ABI extension buffer, 4.08 µl of 
ddH2O, and 2 µl of amplification product.  Samples were sequenced for 24 cycles at 96oC (20 
sec; 1 cycle) then 96oC (12 sec; 23 cycles), 50oC (15 sec), and 60oC (4 min).  These sequences 
were then purified with Centri-Sep spin columns (Princeton Separations) and were 
electrophoresed using an ABI Prism 377 Genetic Analyzer (Perkin Elmer, Foster City, CA).  
Sequences were edited using Sequencher Version 4.1 (Gene Codes Corporation, Ann Arbor, 
Michigan), aligned using Se-Al v2.0a11 (http://evolve.zps.ox.ac.uk/Se-Al/Se-Al.html).  
Primer sequences were removed and sequences were trimmed in reference to the translated 
protein sequence using Se-AL v2.01a11 and MacClade 4.0 (Maddison and Maddison 2000).  
Because comparisons of molecular rates require use of homologous gene regions for host and 
parasite taxa, the COI data collected from the heteromyids were pruned to correspond to the 
sequences of their associated louse taxa.  Due to an indel, the homologous region of the COI 
gene for the heteromyids was 1017 bp.  All COI sequences will be submitted to GenBank. 
Because the mitochondrial COI gene lacks resolving power at the base of the 
heteromyid tree, the heteromyid data were constrained to fit the backbone topology 
determined by Hafner et al. (unpubl. data).  It was not the purpose of the present study to 
explore every aspect of relationships among heteromyid taxa, so extensive phylogenetic 
analyses were not performed.  Rather, only the best maximum likelihood (ML) tree was 
generated.  To generate this tree, Modeltest (Version 3.6; Posada and Crandall 1998) was used 
to examine the fit of 56 models of nucleotide substitution to the sequence data.  Models of 
evolution providing the best approximation of the data using the fewest parameters were 
chosen for subsequent analyses according to hierarchical likelihood ratio tests (hLRTs) and 
the Akaike Information Criterion (AIC; Huelsenbeck and Rannala 1997; Posada and Buckley 
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2004).  The GTR model, including among-site rate variation and invariable sites (GTR+I+Γ; 
Gu et al. 1995; Yang 1994), was chosen as the best model of evolution according to hLRT for 
the heteromyid COI data set.  Similarly, the TVM model, again including among-site rate 
variation and invariable sites (TVM+I+Γ), was chosen according to AIC for the COI data set.  
A full heuristic ML search was conducted using the successive-approximations approach with 
the preferred model in PAUP* 4.0b10 (Swofford 2002).  Nodal support was not assessed. 
5.2.2. Louse Specimens Examined 
Sucking louse specimens analyzed in the present study were collected from the 
heteromyid taxa used in the above analysis (Table 4.2 and Figure 4.1).  It is important to 
emphasize that parasites and hosts used in the cophylogenetic analysis are true associates; i.e., 
the lice used in the parasite analysis were taken directly from the heteromyid individuals used 
in the host phylogeny (except in two instances, Chapter 4).  For all tests of phylogenetic 
congruence, the parasite phylogeny was obtained from the phylogenetic analysis of lice 
(Chapter 4). 
5.2.3. Tree-Based Methods 
Two tree-based methods were used to test for phylogenetic congruence between host 
and parasite phylogenies: reconciliation analysis (Page 1990, 1994; Charleston and Page 
2002) and generalized parsimony (Ronquist 1995, 2000, 2003).  Because of the large size of 
the phylogenies, tree-based analyses were performed on pruned topologies that included one 
representative of each host species and its respective parasite.  Because of the large numbers 
of hosts parasitized by Fahrenholzia pinnata, F. zacatecae, and F. reducta, multiple 
specimens of these species from different hosts species were included in the analysis.  
Additionally, F. ehrlichi parasitizing Liomys irroratus was treated as monophyletic (Chapter 
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4), F. pinnata parasitizing Perognathus flavus was treated as monophyletic, and Dipodomys 
deserti and its louse were removed from the analysis because of the uncertain phylogenetic 
placement of this louse specimen (Chapter 4).  Because tree-based analyses of the full dataset 
were not feasible and because of basal disagreements between the host and parasite 
phylogenies, tree-based analyses also were performed separately on major clades in the 
Heteromyidae.  Because some tree-based methods cannot handle polytomies, taxa in 
unresolved clades were treated individually in separate analyses. 
5.2.3.1. Reconciliation Analysis 
Reconciliation analysis (Chapter 1) was performed using TreeMap 2.0β 
(implementing the jungles algorithm) to find the least costly reconstruction of host-parasite 
relationships while maximizing the number of codivergence events.  Host-parasite 
relationships were reconstructed using TreeMap 2.0β for all possible pruned trees and major 
clade comparisons.  The default settings of TreeMap 2.0β were used (assigning a cost of zero 
for codivergence events, and a cost of one for host switches, losses, and duplications).  
Because reconciliation analysis incorporating the jungles algorithm can be computationally 
intensive (Jackson 2004a; Jackson and Charleston 2004), the analysis was repeated several 
times for each cophylogeny comparison, each time increasing the maximum number of host 
switching events by one until a solution with the highest number of cospeciation events and 
the lowest cost was found.  To determine whether the number of cospeciation events 
recovered from the reconciliation analysis was significant, the parasite tree was randomized 
10,000 times and the observed number of cospeciation events was compared to the null 
distribution of cospeciation events derived from this randomization procedure. 
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5.2.3.2. Generalized Parsimony 
 TreeFitter 1.0 (Ronquist 1998, 2000) is used to reconcile host and parasite phylogenies 
by searching for the minimum cost reconstruction under various event cost assignments for 
each historical event (codivergence, duplication, extinction, and host switching).  Host-
parasite relationships were reconstructed using TreeFitter 1.0 for all possible pruned trees and 
major clade comparisons using seven different cost assignments: 1) TreeFitter default (costs 
for codivergence, duplication, sorting events, and switches are [0,0,1,2], respectively; 2) host 
switch-adjusted TreeFitter default [0,0,1,1]; 3) codivergence adjusted TreeFitter default 
[1,0,1,1]; 4) equal weights [1,1,1,1]; 5) TreeMap 2.0β default [0,1,1,1]; 6) no cost assigned to 
sorting events and switches [1,1,0,0]; and 7) no cost assigned to switches [1,1,1,0].  These last 
two cost assignments were chosen only for comparative purposes, and reconciliation of host 
and parasite phylogenies was not expected.  Overall cost and the frequency of each event 
were estimated using these cost assignments.  To assess the significance of the historical 
reconstruction, the host tree was randomized on the parasite tree with 1,000 random 
permutations (generated by a Markov process) of parasite tree terminals. 
5.2.4. Distance-Based Methods 
The null hypothesis of random association between hosts and parasites was assessed 
using ParaFit (Legendre 2001a; Legendre et al. 2002).  Because ParaFit was able to 
accommodate multiple parasites per host lineage, the full host and parasite phylogenies were 
tested for congruence.  Matrices representing the heteromyid and louse phylogenies were 
derived from ML estimates of pairwise genetic distances using model parameters derived 
from both hLRTs and the AIC.  Distance matrices were converted to principal coordinate 
matrices using the programs DistPCoA (Legendre and Anderson 1998) and the R Package 
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(Casgrain and Legendre 2001).  Tests of random association were performed with 999 
permutations globally across both phylogenies and for each individual host-parasite 
association. 
5.2.5. Data-Based Methods 
Data-based methods were performed only if significant cophylogeny resulted from 
analyses using tree-based methods.  Data-based methods used in this analysis included the 
Kishino-Hasegawa test (KH; Kishino and Hasegawa 1989), the Shimodaira-Hasegawa test 
(SH; Shimodaira and Hasegawa 1999; Goldman et al. 2000), likelihood ratio tests (LRT; 
Huelsenbeck et al. 1997, 2000), and the incongruence length difference test (ILD test; 
Johnson et al. 2001).  The KH test, SH test, and LRTs determine whether the data underlying 
the host and parasite trees are consistent with the null hypothesis of identical topologies 
(Huelsenbeck et al. 1997, 2003).  These congruence-based methods test whether observed 
topological incongruence (if any) is caused by sampling error (e.g., inadequate taxon 
sampling or a limited number of informative sites), or historical events such as host-
switching.  If the null hypothesis is rejected, it is assumed that historical events caused 
observed topological incongruence.  If the null hypothesis is not rejected, topological 
incongruence is assumed to be the result of sampling error. 
5.2.5.1. Kishino-Hasegawa and Shimodaira-Hasegawa Tests 
The KH and SH tests were performed on the full host and parasite phylogenies.  
Although these analyses can handle polytomies, a one-to-one association between host and 
parasite taxa is required.  Thus, instances in which two louse species parasitize a single host 
were analyzed separately, first with one parasite pair, then with the other.  KH and SH tests 
also were performed on major host clades and their lice. 
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 The KH and SH tests were used to compare trees estimated from alternative datasets 
in both a parsimony and likelihood framework (Peek et al. 1998; Clark et al. 2000).  The 
likelihood and parsimony scores obtained for the best parasite tree given the parasite data 
were compared to the score of the alternative host tree, also given the parasite data.  Under 
likelihood criteria, the likelihood parameters of this alternative host tree were optimized for 
the parasite data to maximize the likelihood score (Clark et al. 2000).  Similarly, the best host 
tree was compared to the score of the alternative parasite tree given the host data.  The 
differences between likelihood values were determined using RELL optimization and 1,000 
nonparametric bootstrap replicates as implemented in PAUP*b4.10 (Swofford 2002; Degnan 
et al. 2004).  To verify the utility of hLRTs and the AIC to choose the best model of 
evolution, KH and SH tests were performed using parameters selected by both methods. 
  5.2.5.2. Likelihood Ratio Tests 
The LRT (Huelsenbeck et al. 1997) was used to test whether sampling error could 
explain dataset heterogeneity.  The likelihoods of the parasite and host datasets across 
alternative topologies (the host and parasite topologies, respectively) were obtained in the 
same manner as described above for the KH and SH tests.  Because of computational 
limitations, LRTs were performed only on datasets for the major host clades and their lice.  
The difference between the parasite and host trees was determined using the likelihood-ratio 
test statistic, and the significance of this likelihood-ratio test statistic was calculated using 
parametric bootstrapping.  The test statistic was compared to a distribution of likelihood 
scores generated under the null hypothesis of identical topologies given the host and parasite 
datasets (Huelsenbeck et al. 1997).  The null distribution of likelihood scores was constructed 
by optimizing likelihood parameters for each dataset given the constrained tree.  The program 
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SeqGen 1.3.2 (Rambaut and Grassly 1997) using the graphical interface SG Runner 2.0 (T.P. 
Wilcox; http://homepage.mac.com/tpwilcox/SGRUNNER/FileSharing8.html) was used to 
generate 100 datasets (Monte Carlo simulation) using the optimized parameters and the 
constrained topology.  Because SeqGen 1.3.2 requires fully resolved topologies, the program 
TreeEdit v1.0a10 (http:// http://evolve.zoo.ox.ac.uk/software.html?id=treeedit) was used to 
resolve all polytomies present in the major louse clades and their respective hosts.  The 
likelihood ratio test statistic for the constrained and best topologies for each of these 
simulated datasets were calculated, and a null distribution of test statistics was constructed.  
The test statistic derived from the empirical data was then compared to the null distribution to 
determine if phylogenetic conflict existed between datasets. 
  5.2.5.3. Incongruence Length Difference Test 
The incongruence length difference test (ILD; Johnson et al. 2001) was used to 
determine if the parasite and host datasets underlie the same tree topology.  Because of 
computational limitations, ILD tests were performed only on the datasets for each major 
clade.  Datasets were assessed for incongruence using ILD tests performed with invariable 
sites removed (Cunningham 1997).  The ILD test requires an equal number of hosts and 
parasites, therefore taxa were duplicated when there were multiple parasites on a single host.  
Host and parasite datasets were treated as partitions, and the ILD test was performed using 
1000 replicates.  A p value of 0.10 was used for significance testing to adjust for Type I error 
(Johnson et al. 2001), and a p value > 0.1 was interpreted as no significant incongruence 
between data partitions. 
When the null hypothesis of strict cospeciation was rejected in favor of incongruence, 
taxa were sequentially deleted to identify the source (or sources) of incongruence.  First, 
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single taxa (1 host-parasite pair) were removed from the dataset and the ILD test was 
repeated.  This procedure was repeated for all single host-parasite associations, all possible 
couplets of hosts and parasites, all possible triplets, etc., until there was no significant 
difference between data partitions. 
5.2.6. Comparisons of Molecular Rates 
If significant cophylogeny is found between hosts and their parasites, then it is 
possible to test if heteromyids and their lice have undergone equivalent amounts of genetic 
differentiation during their association.  Data from homologous regions of the COI gene for 
the heteromyids and sucking lice were used in the rate comparisons.  Meaningful comparisons 
of evolutionary rates require use of neutral or nearly neutral sites, such as fourfold degenerate 
sites, and these sites must be shown to conform to a molecular clock (Hafner et al. 1994).  
Fourfold degenerate sites were identified for both heteromyids and sucking lice using the 
program MEGA3 (Kumar et al. 2004).  These data were then constrained to fit the best 
heteromyid and sucking louse phylogenies, and likelihood ratio tests were used to determine 
if the heteromyid and louse data showed a significant departure from clock-like behavior. 
If significant cophylogeny exists and if the data conform to a molecular clock, timing 
of speciation events and rate of evolution can be compared in the host and parasite by direct 
comparison of analogous branch lengths in the host and parasite trees.  Because rate 
comparisons are meaningless between non-cospeciating host-parasite pairs, all such pairs 
were removed from the analysis.  Rate comparisons were performed only on sister taxa of 
hosts parasitized by lice that are also sister taxa. 
A Mantel test was performed on the ML and uncorrected p genetic distance matrices 
of cospeciating hosts and parasites to test for significant association independent of phylogeny 
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(Hafner and Nadler 1988, 1990; Page 1991).  In addition, branch lengths were compared 
between cospeciating hosts and parasites using Wilcoxon sign-rank tests and Model II 
regression analysis (Legendre 2001b).  The Wilcoxon sign-rank test determines if branch 
lengths are significantly different in associated host-parasite taxa (Hafner et al. 1994, Page 
1996).  Model II regression analysis determined if one associate evolved faster or slower than 
the other (as assessed by the slope of the relationship) and whether the parasite speciated 
before or after its host (as assessed by the intercept of the relationship; Hafner and Nadler 
1990).  Branch lengths were calculated according to models of evolution selected by hLRTs 
and the AIC. 
5.3 Results 
 5.3.1. Host and Parasite Phylogenies 
 Relationships among major lineages in the rodent family Heteromyidae (Fig. 5.1) 
conform well with previous studies of heteromyid relationships (Rogers 1990; Rogers and 
Engstrom 1992; McKnight 1995; Riddle 1995; Best et al. 1996; Cervantes et al. 1999; 
Carrasco 2000; Alexander and Riddle 2005).  The best ML topology of Fahrenholzia lineages 
(Fig. 5.2; Chapter 4) was used to test for cophylogeny in this host-parasite assemblage. 
5.3.2. Tree-Based Methods 
Although the pruned host and parasite phylogenies were fully resolved, there were 
several instances in which a host species was parasitized by more than one parasite species.  
Because some tree-based methods require a one-to-one host-parasite association, each of 
these associations was considered in separate analyses.  This treatment, however, did not  
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Figure 5.1.  Maximum likelihood cladogram of heteromyid specimens based on the 
mitochondrial cytochrome oxidase subunit I gene.  Taxa were constrained to fit the backbone 
topology determined by Hafner et al. (unpubl. data).  Species names are followed by locality 
numbers and museum specimen numbers for the hosts (Table 4.2).  Clade groupings used in 




Figure 5.2.  Cladogram resulting from the maximum likelihood analysis of the mitochondrial 
cytochrome oxidase subunit I gene for the louse genus Fahrenholzia.  Species names are 
followed by locality numbers and museum specimen numbers for the hosts (Table 4.2).  Clade 




affect the host and parasite topologies.  Additionally, because F. reducta was not 
monophyletic, each host association (Chaetodipus baileyi and C. formosus) was treated in 
separate cophylogenetic analyses, resulting in two cophylogeny comparisons (Fig. 5.3 and 
Table 5.1).  Four major host and parasite clades also were analyzed with tree-based methods 
(Figs. 5.1 and 5.2; Table 5.2).  Analyses of smaller host and parasite clades (Dipodomys 
nelsoni and D. spectabilis, and D. microps, D. heermanni, and D. panamintinus, and D. ordii 
and their respective lice) were not performed because the topologies of host and parasites for 
these clades were in complete agreement (Figs. 5.1 and 5.2).  There was a lack of resolution 
within the Dipodomyinae and Chaetodipus clades and because some tree-based methods 
cannot handle polytomies, the taxa involved in these polytomies were treated individually in 
separate analyses.  This separate treatment resulted in three comparisons for Chaetodipus and 
42 comparisons for Dipodomyinae (Table 5.2).  However, host and parasite topologies were 
identical across most of these comparisons, and only unique comparisons were used in the 
tree-based analyses (Table 5.2). 
Reconciliation analyses using TreeMap 2.0β (Table 5.3) detected significant 
cophylogeny between Fahrenholzia lice and their heteromyid hosts (Figs. 5.4 – 5.6).  Only 
the reconciliation analysis of the Heteromyinae and Perognathus comparisons did not result 
in significant concordance between host and parasite topologies (Table 5.3) 
Generalized parsimony using TreeFitter also detected significant cophylogeny between 
heteromyid rodents and their sucking lice (Table 5.4).  For the pruned analyses (comparisons 
1 and 2; Table 5.1), the TreeFitter default (event costs = 0,0,1,1) and TreeMap default  
(0,1,1,1) yielded the lowest overall costs.  This cost (8 events) was significantly less than 
random, and the number of codivergence events (11 – 12) was significantly greater than 
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Figure 5.3.  Pruned phylogenies of heteromyid species (A) and their Fahrenholzia lice (B).  The phylogenies in Figs. 5.1 and 5.2 
were pruned to include 1 representative of each heteromyid species and its louse associate. 
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Table 5.1.—Fahrenholzia and heteromyid taxa included in each pruned tree-based 
cophylogenetic comparison.  Abbreviations for host genera are as follows: C = Chaetodipus, 
D = Dipodomys, H = Heteromys, L = Liomys, and P = Perognathus. 
 
  Heteromyid Taxon  Louse Taxon 
 
Pruned comparison 1 
  C. baileyi   F. reducta ex C. baileyi 
C. californicus   F. tribulosa ex C. californicus 
C. eremicus   F. zacatecae ex C. eremicus 
C. hispidus   F. zacatecae ex C. hispidus 
C. intermedius   F. zacatecae ex C. intermedius 
D. heermanni   F. pinnata ex D. heermanni 
D. microps   F. pinnata ex D. microps 
D. merriami   F. pinnata ex D. merriami 
D. ordii    F. pinnata ex D. ordii 
D. panamintinus   F. pinnata ex D. panamintinus 
D. phillipsii   F. pinnata ex D. phillipsii 
D. spectabilis   F. pinnata ex D. spectabilis 
D. nelsoni   F. pinnata ex D. nelson 
H. desmarestianus  F. ferrisi/F. hertigi ex H. desmarestianus 
P. flavus    F. pinnata ex P. flavus 
P. longimembris   F. pinnata ex P. longimembris 
P. merriami   F. pinnata ex P. merriami 
L. irroratus   F. ehrlichi/F. texana ex L. irroratus 
L. pictus    F. microcephala ex L. pictus 
L. salvini   F. fairchildi ex L. salvini 
 
Pruned comparison 2 
  C. californicus   F. tribulosa ex C. californicus 
C. eremicus   F. zacatecae ex C. eremicus 
C. formosus   F. reducta ex C. formosus 
C. hispidus   F. zacatecae ex C. hispidus 
C. intermedius   F. zacatecae ex C. intermedius 
D. heermanni   F. pinnata ex D. heermanni 
D. microps   F. pinnata ex D. microps 
D. merriami   F. pinnata ex D. merriami 
D. ordii    F. pinnata ex D. ordii 
D. panamintinus   F. pinnata ex D. panamintinus 
D. phillipsii   F. pinnata ex D. phillipsii 
D. spectabilis   F. pinnata ex D. spectabilis 
D. nelsoni   F. pinnata ex D. nelson 
H. desmarestianus  F. ferrisi/F. hertigi ex H. desmarestianus 
P. flavus    F. pinnata ex P. flavus 
P. longimembris   F. pinnata ex P. longimembris 
P. merriami   F. pinnata ex P. merriami 
L. irroratus   F. ehrlichi/F. texana ex L. irroratus 
L. pictus    F. microcephala ex L. pictus 





Table 5.2.—Combinations of Fahrenholzia and heteromyid taxa included in each tree-based 
cophylogenetic analysis for the Chaetodipus and Dipodomyinae clades.  Host and parasite 
taxa are identified by locality number (Table 4.2; Figs. 5.1 and 5.2).  In the Dipodomyinae 
analyses, each topologically identical combination of taxa (see text) is listed. 
 
      Clade Comparison     Localities 
 
Chaetodipus comparison 1     4, 19, 22, 23, 26, 27, 28, 31, 40 
Chaetodipus comparison 2     4, 19, 22, 23, 26, 27, 28, 30, 40 
Chaetodipus comparison 3     4, 19, 22, 23, 26, 28, 30, 31, 40 
Dipodomyinae comparison 1     6, 10, 17, 19, 20, 33, 34 
        6, 10, 17, 19, 21, 33, 34 
        6, 10, 17, 20, 21, 33, 34 
        6, 10, 17, 19, 33, 34, 35 
        6, 10, 17, 20, 33, 34, 35 
        6, 10, 17, 21, 33, 34, 35 
Dipodomyinae comparison 2     2, 10, 17, 19, 20, 26, 33, 34 
        2, 10, 17, 19, 21, 26, 33, 34 
        2, 10, 17, 20, 21, 26, 33, 34 
        2, 10, 17, 19, 26, 33, 34, 35 
        2, 10, 17, 20, 26, 33, 34, 35 
        2, 10, 17, 21, 26, 33, 34, 35 
Dipodomyinae comparison 3     10, 17, 19, 20, 26, 32, 33, 34 
        10, 17, 19, 21, 26, 32, 33, 34 
        10, 17, 20, 21, 26, 32, 33, 34 
        10, 17, 19, 26, 32, 33, 34, 35 
        10, 17, 20, 26, 32, 33, 34, 35 
        10, 17, 21, 26, 32, 33, 34, 35 
        2, 10, 17, 19, 20, 32, 33, 34 
        2, 10, 17, 19, 21, 32, 33, 34 
        2, 10, 17, 20, 21, 32, 33, 34 
        2, 10, 17, 19, 32, 33, 34, 35 
        2, 10, 17, 20, 32, 33, 34, 35 
        2, 10, 17, 21, 32, 33, 34, 35 
Dipodomyinae comparison 4     2, 6, 10, 17, 19, 20, 26 
        2, 6, 10, 17, 19, 21, 26 
        2, 6, 10, 17, 20, 21, 26 
        2, 6, 10, 17, 19, 26, 35 
        2, 6, 10, 17, 20, 26, 35 
        2, 6, 10, 17, 21, 26, 35 
Dipodomyinae comparison 5     6, 10, 17, 19, 20, 26, 32 
        6, 10, 17, 19, 21, 26, 32 
        6, 10, 17, 20, 21, 26, 32 
        6, 10, 17, 19, 26, 32, 35 
        6, 10, 17, 20, 26, 32, 35 
        6, 10, 17, 21, 26, 32, 35 
        2, 6, 10, 17, 19, 20, 32 
        2, 6, 10, 17, 19, 21, 32 
        2, 6, 10, 17, 20, 21, 32 
        2, 6, 10, 17, 19, 26, 35 
        2, 6, 10, 17, 20, 26, 35 
        2, 6, 10, 17, 21, 26, 35 
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Table 5.3.—Results of TreeMap analyses for pruned and major clade comparison between heteromyid rodents and their 
ectoparasitic sucking lice in the genus Fahrenholzia.  Columns indicate the cost, number of each event type necessary to reconcile 
the host and parasite trees, and number of equally probable reconstructions. 
 
Comparison   Cost       Codivergence a Duplication  Extinction Host Switching  Solutions 
 
Pruned comparisons 1 & 2  37  24a        14         22   1       1 
 
Heteromyinae comparison  25  10        10         11   4       2 
 
Dipodomyinae comparison 1  0  12a         0          0   0       1 
Dipodomyinae comparison 2  4  12a         2          1   1       2 
Dipodomyinae comparison 3  4  12a         2          1   1       1 
Dipodomyinae comparison 4  4  10a         2          1   1       2 
Dipodomyinae comparison 5  4  10a         2          1   1       1 
 
Perognathus comparison   4    8         2          1   1       2 
 
Chaetodipus comparisons 1 - 3 10  12a         4          5   1       1
 





Figure 5.4.  Results of reconciliation analysis (TreeMap 2.0β) for the pruned dataset of Fahrenholzia lice and their heteromyid 
hosts.  Results of the cophylogenetic comparison without Chaetodipus formosus and its louse (Pruned Comparison 1; Table 5.1) are 
shown.  Dashed lines indicate host-parasite associations.  Black dots at nodes indicate instances of perfect cophylogeny.  The 




Figure 5.5.  Results of reconciliation analysis (TreeMap 2.0β) for Fahrenholzia lice and their hosts of the genus Chaetodipus.  
Results of Chaetodipus comparison 1 are shown (Table 5.2).  Species names are followed by locality number and museum 
specimen number for the host (Fig. 4.1 and Table 4.2).  Dashed lines indicate host-parasite associations.  Black dots at nodes 
indicate instances of perfect cophylogeny.  The number of reconstructed codivergence events (Table 5.3) was greater than expected 




Figure 5.6.  Results of reconciliation analysis (TreeMap 2.0β) for Fahrenholzia lice and their hosts of the species Dipodomys 
merriami and D. phillipsii.  Results of Dipodomyinae comparison 1 are shown (Table 5.2).  Species names are followed by locality 
number and museum specimen number for the host (Fig. 4.1 and Table 4.2).  Dashed lines indicate host-parasite associations.  
Black dots at nodes indicate instances of perfect cophylogeny.  The number of reconstructed codivergence events (Table 5.3) was 
greater than expected by chance (p < 0.001). 
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Table 5.4.—Results of TreeFitter analyses for pruned and major clade comparison between heteromyid rodents and their 
ectoparasitic sucking lice in the genus Fahrenholzia.  Columns indicate the number of each event type (expressed as ranges that 
result in equal total costs) necessary to reconcile the host and parasite trees under different event cost assignments. 
 
Pruned comparisons 1 & 2  Event costsa  Cost  Codivergence Duplication Extinction        Host Switching 
 
0, 0, 1, 2     15b           12c         0           1      7b 
0, 0, 1, 1      8b       11 – 12c         0        0 – 1   7 – 8b 
1, 1, 1, 1     19         0 – 11c         0           0   8 – 19b 
0, 1, 1, 1      8       11 – 12c         0        0 – 1   7 – 8b 
1, 0, 1, 1     19         0 – 11c         0           0   8 – 19b 
1, 1, 0, 0      0            0          0        0 – 31     19 




0, 0, 1, 2    15            3          0           1      7 
0, 0, 1, 1     8         2 – 3         0        0 – 1   7 – 8 
1, 1, 1, 1    10         0 – 2         0           0   8 – 10 
0, 1, 1, 1     8         2 – 3         0        0 – 1   7 – 8 
1, 0, 1, 1    10         0 – 2         0           0   8 – 10 
1, 1, 0, 0     0            0          0        0 – 23     10 
1, 1, 1, 0     0            0          0           0       5 
 
Dipodomyinae comparison 1 
 
0, 0, 1, 2      0b            6c          0           0      0b 
0, 0, 1, 1      0b            6c          0           0      0b 
1, 1, 1, 1      6         0 – 6c         0           0   0 – 6b 
0, 1, 1, 1      0b            6c          0           0      0b 
1, 0, 1, 1      6         0 – 6c         0           0   0 – 6b 
1, 1, 0, 0      0            0          0        0 – 5      6 







Table 5.4. Continued 
 
Dipodomyinae Comparison 2 
 
Event costsa  Cost  Codivergence Duplication Extinction        Host Switching 
 
0, 0, 1, 2      3b            6c          0        1 – 3   0 – 1b 
0, 0, 1, 1      2b         5 – 6c         0        0 – 1   1 – 2b 
1, 1, 1, 1      7         0 – 5c         0           0   2 – 7b 
0, 1, 1, 1      2b         5 – 6c         0        0 – 1   1 – 2b 
1, 0, 1, 1      7         0 – 5c         0           0   2 – 7b 
1, 1, 0, 0      0            0          0        0 – 8      7 
1, 1, 1, 0      0            0          0           0      7 
 
Dipodomyinae Comparison 3 
 
0, 0, 1, 2      3b             6c         0           1      1b 
0, 0, 1, 1      2b             6c          0           1      1b 
1, 1, 1, 1      7         0 – 4c         0           0   3 – 7b 
0, 1, 1, 1      2b            6c          0           1      1b 
1, 0, 1, 1      7         0 – 4c         0           0   3 – 7b 
1, 1, 0, 0      0             0          0        0 – 8      7 
1, 1, 1, 0      0             0          0           0      7 
 
Dipodomyinae Comparison 4 
 
0, 0, 1, 2      3b             5c      0 – 1        1 – 3   0 – 1b 
0, 0, 1, 1      2          4 – 5c         0        0 – 1   1 – 2b 
1, 1, 1, 1      6          0 – 4c         0           0   2 – 6b 
0, 1, 1, 1      2          4 – 5c         0        0 – 1   1 – 2b 
1, 0, 1, 1      6          0 – 3         0           0   3 – 6 
1, 1, 0, 0      0             0          0        0 – 6      6 







Table 5.4. Continued 
 
Dipodomyinae comparison 5 
 
Event costsa  Cost  Codivergence Duplication Extinction        Host Switching 
 
0, 0, 1, 2      3b             5c          0           1      1 
0, 0, 1, 1      3b             8c         0           1      2b 
1, 1, 1, 1      6          0 – 3         0           0   3 – 6 
0, 1, 1, 1      2b             5c          0           1      1 
1, 0, 1, 1     10          0 – 6c         0           0   4 – 10b 
1, 1, 0, 0      0             0          0        0 – 6      6 




0, 0, 1, 2      3             4       0 – 1        1 – 3   0 – 1 
0, 0, 1, 1      2          3 – 4         0        0 – 1   1 – 2 
1, 1, 1, 1      5          0 – 3         0           0   8 – 10 
0, 1, 1, 1      2          3 – 4         0        0 – 1   1 – 2 
1, 0, 1, 1      5          0 – 3         0           0   2 – 5 
1, 1, 0, 0      0             0          0        0 – 5      5 




0, 0, 1, 2      6b             5          0           0      3 
0, 0, 1, 1      3b             5          0           0      3 
1, 1, 1, 1      8          0 – 5         0           0   3 – 8 
0, 1, 1, 1      3b             5          0           0      3 
1, 0, 1, 1      8          0 – 5         0           0   3 – 8 
1, 1, 0, 0      0             0          0        0 – 12     8 
1, 1, 1, 0      0             0          0           0      8 
 
aEvent costs are for codivergence, duplication, extinction, and host switching, respectively. 
bThe observed value is significantly less than that for randomized trees (p < 0.05). 
cThe observed value is significantly greater than that for randomized trees (p < 0.05). 
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observed in random trees.  These reconstructions also estimated a total of 7 – 8 host switches, 
significantly fewer than observed in random trees.  In analyses of heteromyid clades, only the 
Dipodomyinae comparisons (1 – 5) resulted in significant values for both total cost and 
number of codivergence events (Table 5.4).  Analyses of the clades Heteromyinae, 
Perognathus, and Chaetodipus did not show significant cophylogeny.  In all instances in 
which host switches or sorting events were not assigned a cost (1,1,1/0,0), no meaningful 
reconstruction was obtained for either the pruned or clade analyses. 
5.3.3. Distance-Based Methods 
Global tests using ParaFit resulted in rejection of random association between host and 
parasite taxa (p = 0.001).  Forty-five of the tests of individual host-parasite pairs resulted in 
significant associations between Fahrenholzia lice and heteromyid hosts (p < 0.05).  
Nonsignficant associations included those between all Perognathus rodents and their lice and 
between Dipodomys deserti and its louse (locality 35; Table 4.2).  Results from ParaFit 
analyses did not differ when distance matrixes were generated using ML parameters 
determined by the hLRT or the AIC. 
5.3.4. Data-Based Methods 
 Data-based methods were performed after tree and distance-based analyses to 
determine the causes of topological incongruence between heteromyid and louse trees.  
Because there was one instance in which a host species (Heteromys desmarestianus) was 
parasitized by more than one parasite species (F. ferrisi and F. hertigi), two datasets were 
analyzed.  The first dataset included only F. ferrisi and the second, only F. hertigi.  Separate 
analyses of F. ehrlichi and F. texana (hosted by L. irroratus) were unnecessary because the 
lice are genetically identical (Chapter 4).  Because polytomies are not an issue for data-based 
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methods, the full Chaetodipus and Dipodomyinae clades were analyzed by LRTs.  KH tests, 
SH tests, and LRTs found significant differences between all host and parasite datasets, 
thereby rejecting the null hypothesis that observed topological differences were caused by 
sampling error.  Thus, differences between host and parasite phylogenies appear to result from 
other historical events, such as host switching or extinction.  Results of the KH test, SH test, 
and LRTs did not vary when analyses were performed using ML parameters determined by 
the hLRT or the AIC. 
ILD tests were performed only on datasets for the Chaetodipus and Dipodomyinae 
clades, and both datasets showed a significant difference between host and parasite data 
partitions.  It was necessary to remove two host-parasite pairs in the Chaetodipus analyses and 
two pairs in the Dipodomyinae analysis to render the difference between data partitions 
nonsignificant (p > 0.1).  In total, 55 ILD tests were required in the Chaetodipus analysis (ten 
ILD tests with one taxon pair removed and 45 ILD tests with two pairs removed).  Removal 
of hosts and parasites from localities 4 (C. hispidus and F. zacatecae) and 40 (C. hispidus and 
F. zacatecae) was necessary to render the difference between data partitions nonsignificant 
for Chaetodipus (p = 1).  In the Dipodomyinae analysis, 78 ILD tests were required (12 ILD 
tests with one pair removed and 66 ILD tests with two pairs removed).  Removal of hosts and 
parasites from localities 2 (D. merriami and F. pinnata) and 26 (D. merriami and F. pinnata) 
was necessary to render the difference between data partitions nonsignificant for the 
Dipodomyinae (p = 1). 
5.3.4. Molecular Rate Comparisons 
 Fourfold degenerate sites in both heteromyids and sucking lice (147 and 112 sites, 
respectively) did not depart significantly from a molecular clock (p > 0.05).  Mantel tests of 
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11 cospeciating host-parasite pairs (Fig. 5.7) showed a significant correlation between genetic 
distances for all combinations of heteromyids and sucking lice (p < 0.001).  Model II 
regression analysis yielded a slope of 1.62 when branch lengths were estimated with the AIC 
and a slope of 1.58 when branch lengths were estimated with the LRT.  Additionally, Model 
II regression analysis using uncorrected p distances between each set of cospeciating sister 
taxa yielded a slope of 1.83.  Wilcoxon sign-rank tests for all comparisons were not 
significant.  The y-intercepts in all regression analyses were negative, and significantly 
different from zero (-0.0537, -0.0438, and -0.0262 for the AIC, LRT, and uncorrected p 
distance comparisons, respectively), suggesting that parasite speciation was slightly delayed 
relative to their hosts (Hafner and Nadler 1990).  Because y-intercepts may be underestimated 
in Model II regression analysis (Legendre 2001b), the actual y-intercepts may be closer to 
zero, which would indicate approximately synchronous speciation events in these host-
parasite associates. 
5.4. Discussion 
 5.4.1. Tests for Cophylogeny 
 Both tree-based methods (TreeMap and TreeFitter) indicate that Fahrenholzia lice 
show significant cophylogeny with their heteromyid hosts (Tables 5.3 and 5.4) despite strong 
conflict at basal nodes of the host and parasite trees (Fig. 5.4; Chapter 4).  Although the host 
genera Perognathus and Chaetodipus are sister taxa (Fig. 5.2), the lice parasitizing 
Perognathus are more closely related to lice parasitizing Dipodomys than to lice parasitizing 
Chaetodipus (Figs. 5.1 and 5.2).  Similarly, the heteromyid subfamilies Heteromyinae 
(Heteromys and Liomys) and Perognathinae (Chaetodipus and Perognathus) are sister clades 
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Figure 5.7.  Maximum likelihood cladograms of heteromyid specimens and their Fahrenholzia lice.  Species names are followed by 
locality number and museum specimen number for the host (Fig. 4.1 and Table 4.2).  Black dots at nodes indicate sister taxa of 
cospeciating host-parasite pairs used in comparisons of evolutionary rates.
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(Fig. 5.1), but the lice parasitizing these clades are not (Fig. 5.2).  Analysis of major clades 
(Figs. 5.1 and 5.2) found significant cophylogeny only within the Chaetodipus and 
Dipodomyinae clades.  Although TreeMap and TreeFitter estimated that historical events, 
such as host switching and extinction, occured at different frequencies (Tables 5.3 and 5.4), 
both analyses found significantly more cophylogeny than expected by chance. 
The distance-based method, ParaFit, revealed a significant nonrandom association 
between the host and parasite datasets.  Tests of individual links between lice and their hosts 
showed a nonsignificant association only between Perognathus rodents and their lice and 
between Dipodomys deserti and its louse (locality 35; Table 4.2). 
Although the host and parasite phylogenies were significantly congruent (section 
5.3.1), they were not identical.  Thus, data-based methods failed to detect significant 
congruence between host and parasite datasets (i.e., they were not consistent with an identical 
topology), meaning that sampling error is rejected as the cause of topological incongruence in 
the tree-based analyses.  Rather, other historical processes, such as host switching or 
extinction, likely account for observed differences between topologies (Clark et al. 2000; 
Page 2003; Jackson 2004a, 2004b; Kawakita et al. 2004).  ILD tests were performed only on 
the Chaetodipus and Dipodomyinae clades.  These tests identified the taxa responsible for 
dataset incongruence, and these same taxa are probable causes of incongruence in the results 
of the tree-based analyses. 
 5.4.2. Comparison of Molecular Rates 
Mantel tests showed a significant association between genetic distance matrices for the 
hosts and parasites.  The significant results of the Mantel test also can be considered 
independent documentation of cophylogeny between heteromyids and lice (Hafner and Nadler 
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1990), which corroborates evidence of cophylogeny obtained using tree-based methods.  
Mantel tests, however, reveal nothing about the magnitude of possible rate differences 
between hosts and parasites. 
The results of Model II regression analysis and Wilcoxon sign-rank tests conflicted, 
which likely is the result of lack of power of the nonparametric Wilcoxon test.  Model II 
regression analyses revealed that the mitochondrial COI gene of Fahrenholzia lice is evolving 
approximately 1.6 times faster than their hosts, a rate difference that is slightly lower than that 
observed in studies of bird and mammal hosts of chewing lice and primate hosts of sucking 
lice (Page 1996; Page et al. 1998; Paterson et al. 2000; Reed et al. 2004).  In contrast to 
Manter’s Rules, the lice exhibit faster, not slower evolutionary rates, than their hosts (Manter 
1955, 1966; Inglis 1971).  Model II regression analyses also showed that speciation events are 
slightly delayed in the parasites relative to their hosts, which is expected in a parasite with 
high host specificity and limited dispersal ability (Marshall 1981; Kim et al. 1986). 
Several mechanisms could explain the rate difference observed between Fahrenholzia 
lice and their heteromyid hosts.  The lice could be evolving faster than their hosts because of 
differences in generation time or metabolic rate (Wu and Li 1985; Martin and Palumbi 1993; 
Hafner et al. 1994).  Increased mutation rates caused by mechanisms associated with 
mitochondrial gene replication also could cause the observed rate difference.  Mitochondrial 
genomes undergo asymmetrical replication, and because mitochondria lack efficient repair 
mechanisms, the more time a gene spends single-stranded the more susceptible it is to 
mutation (Brown and Simpson 1982; Clayton 1982; Tanaka and Ozawa 1994).  Invertebrate 
taxa, especially chewing lice, are known to have multiple mitochondrial gene rearrangements, 
whereas the gene arrangement in vertebrates is relatively conserved (Shao et al. 2001a, 2001b; 
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S. Cameron pers. comm.).  If the COI gene in lice is located closer to the origin-of-replication 
site than in their vertebrate hosts, it spends more time in the single-stranded state and may 
experience increased mutation rates (Page 1996; Page et al. 1998; Paterson et al. 2000).  
Further investigations are needed, however, to determine the gene order, and especially the 
position of the COI gene in sucking lice (S. Cameron pers. comm.).  The faster evolutionary 
rates observed in Fahrenholzia lice relative to their hosts may be a louse-specific 
phenomenon or it may be characteristic of parasitic organisms in general (Page et al. 1998; 
Shao et al. 2001b; Johnson et al. 2003; Yoshizawa and Johnson 2003).  Future cophylogenetic 
and evolutionary rate analyses of sucking lice will determine if the results reported here are 
typical for anoplurans. 
5.5. Conclusions 
This is the first cophylogenetic study of heteromyid rodents and their sucking lice, and 
the results document significant cophylogeny in this host-parasite assemblage and a rate 
difference of 1.6 in favor of lice.  Confidence in the results of cophylogenetic and rate 
analyses increases when host and parasite lineages are sampled exhaustively, as was done for 
the pocket gopher-chewing louse comparison in Chapter 2.  In this study, however, not all 
parasite and host species were sampled, but sampling across the range of the hosts and 
parasites (Fig. 4.1) makes it likely that future studies including additional Fahrenholzia and 
heteromyid species will reach similar conclusions. 
The incongruence between the heteromyid rodent and sucking louse phylogenies may 
result from conflicts at basal nodes in the host and parasite trees.  However, because this study 
also examined cophylogeny at terminal branches (i.e., between host and parasite species), 
population-level phenomena, such as incomplete lineage sorting or drift, may have 
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confounded the search for other historical processes (Demastes and Hafner 1993; Hafner et al. 
1994; Spradling 1997; Demastes et al. 2003).  Again, in the absence of exhaustive sampling, it 
may be difficult to detect the signal of cophylogeny amidst the noise caused by conflict at 
basal nodes, population-phenomena, and sampling error. 
The mitochondrial COI gene of sucking lice of the genus Fahrenholzia appears to be 
evolving roughly 1.6 times faster than their hosts, a rate difference that is slightly less than 
that observed between other louse lineages and their hosts.  In the only other study that 
compared evolutionary rates between sucking lice and their hosts (Reed et al. 2004), the 
mitochondrial cytochrome b gene in lice was evolving 2.3 times faster than in their primate 
hosts.  Mitochondrial genes of chewing lice are evolving roughly 2 – 3 times faster than the 
same genes of their pocket gopher hosts (Hafner et al. 1994; Page 1996), roughly 2 – 3 times 
faster than their swiftlet hosts (Page et al. 1996), and 5.5 times faster than their seabird hosts 
(Paterson et al. 2000).  The lower rate difference in the sucking louse-heteromyid comparison 
may be a methodological artifact, or it may be real; only future studies comparing population 
size, mutation rate, generation time, and metabolic rates in hosts and parasites will resolve this 
issue. 
There is an ongoing debate regarding the relative utility of the various methods used in 
cophylogenetic analyses.  Some workers believe that data-based methods are too restrictive 
and simplistic, and they argue that trees should be compared for significant similarity because 
of the likelihood of historical events other than cospeciation influencing the structure of the 
data matrices (Clark et al. 2000; Huelsenbeck et al. 2003; Jackson 2004a; Jackson and 
Charleston 2004).  Others believe that tree-based tests are flawed and that the assessment of 
host and parasite phylogenetic histories should be based directly on the data, rather than 
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indirectly on trees generated from the data (Clark et al. 2000). Distance-based methods, which 
are relatively new, have yet to be compared rigorously to tree-based and data-based methods 
of cophylogenetic analysis. 
This study contributes to the resolution of this methodological debate by 
demonstrating the relative utility of tree-based, data-based, and distance-based methods, at 
least within the limited scope of the heteromyid rodents and sucking lice analyzed in this 
study.  For the purposes of comparison, it is necessary to assume that cophylogeny is 
historically true in this host-parasite assemblage, an assumption that is strongly supported by 
the data.  Given this assumption, the relative ability of the different methods to detect 
significant cophylogeny in the present analysis can be taken as a measure of their relative 
utility. 
Although the two tree-based methods, reconciliation analysis and generalized 
parsimony, have different null hypotheses (Chapter 1; Tables 5.1 and 5.2), both detected 
significant cophylogeny in the hosts and parasites studied.  Reconciliation analysis and 
generalized parsimony estimated different numbers of historical events, but without 
knowledge of the detailed history of the host and parasite associations, the relative accuracy 
(and, therefore, utility) of the methods cannot be determined.  Although reconciliation 
analysis may be preferred over generalized parsimony because it allows visualization of the 
reconciled trees, it is probably best to compare the results of both methods in future 
cophylogenetic analyses. 
The distance-based method used in this study (ParaFit) found a significant nonrandom 
association between the host and parasite datasets.  Distance-based methods may prove to be 
extremely useful in cophylogenetic studies because these methods test for cophylogeny over 
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the entire dataset, as well for individual host-parasite pairs.  In addition, distance-based 
methods are computationally feasible for large datasets, and as such, can (and should) be 
incorporated in all cophylogenetic analyses, regardless of the size of the dataset. 
The data-based methods used in this study failed to find significant congruence 
between the host and parasite datasets.  Because the null hypothesis of identical topologies 
may be overly restrictive in real host-parasite assemblages, these data-based methods may be 
of limited utility for detecting cophylogeny.   However, when used in concert with tree-based 
methods, data-based methods are useful for identifying the causes of topological 
incongruence.  With the exception of the KH and SH tests, data-based methods are 
computationally intensive.  Perhaps with increased use of parallel computing in 
phylogenetics, data-based methods will become computationally feasible in future studies 
with large datasets. 
In summary, the results of this study are similar to those of the pocket gopher-chewing 
louse study (Chapter 3).  Tree-based and distance-based methods, including reconciliation 
analysis, generalized parsimony, and ParaFit, appear to be the methods of choice for detecting 
significant cophylogeny.  Use of one tree-based method (e.g., reconciliation analysis) in 
conjunction with one distance-based method (e.g., ParaFit) creates a powerful combination of 
tools for not only detecting cophylogeny, but also determining which host-parasite pairs 
contribute to the cophylogeny signal and which do not.  Incorporation of data-based methods 
in cophylogenetic analyses helps by ruling out sampling error as the source of incongruence 
in the host and parasite datasets.  Thus, future studies of cophylogeny may benefit from use of 
all three types of phylogenetic analyses, one to detect the pattern of cophylogeny, another to 
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determine which host-parasite pairs contribute to that pattern, and the third to determine if 
sampling error is the source of incongruence between the host and parasite datasets. 
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CHAPTER 6. MAMMAL-LOUSE ASSOCIATIONS AND  
ANOPLURAN PREVALENCE AND ABUNDANCE 
 
6.1. Mammal-Louse Associations 
Lice (Insecta: Phthiraptera) are obligate and permanent parasites of birds and 
mammals.  Mammals host approximately 550 species of chewing lice belonging to the 
suborders Amblycera, Ischnocera, and Rhynchophthirina (Emerson and Price 1981; Price and 
Graham 1997; Cruickshank et al. 2001; Price et al. 2003; BioCorder 
http://www2.flmnh.ufl.edu/biocorder) and approximately 530 species of sucking lice of the 
suborder Anoplura (Durden and Musser 1994a, 1994b; Price and Graham 1997; BioCorder 
http://www2.flmnh.ufl.edu/biocorder).  A single document listing all ectoparasitic lice (both 
sucking lice and chewing lice) of mammals, which is not currently available, would be a 
valuable addition to the literature, especially for those interested in identifying mammal 
ectoparasites.  Additionally, a resource that documents louse associations at higher taxonomic 
levels (above the species level) may help identify host-parasite assemblages that are 
promising candidates for future cophylogenetic and population genetic studies.  To that end, 
this chapter combines all of the information presented in the above references to produce a 
compendium of mammal-louse associations. 
Twenty-six orders, 136 families, 1132 genera, and 4611 species of mammals are 
currently recognized (Wilson and Reeder 1993).  Of these, 9 mammalian orders are not 
known to harbor lice, including monotremes (Monotremata), three marsupial orders 
(Microbiotheria, Peramelemorphia, and Notoryctemorphia), manatees and their relatives 
(Sirenia), bats (Chiroptera), colugos (Dermoptera), pangolins (Pholidota), and whales 
(Cetacea; “whale lice” are actually crustaceans).  These 9 orders contain almost a quarter of 
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all mammalian species recognized today (3.3%, 20.9%, and 22.6% of mammalian families, 
genera, and species, respectively).  More than half (56.7%) of the currently recognized 
mammalian families (and 39.2% of the recognized genera) are parasitized by sucking lice, 
chewing lice, or both (Table 6.1; Appendices B and C).  Sucking lice alone parasitize 37.5% 
of the recognized mammalian families and 27.8% of the mammalian genera (Table 6.2; 
Appendix B), whereas chewing lice parasitize 32.4% and 16.5% of the recognized 
mammalian families and genera, respectively (Table 6.3; Appendix C).  Only 14.7% of 
mammalian families contain genera that are parasitized by both sucking and chewing lice 
(5.1% of mammalian genera host both kinds of lice; Tables 6.4 and 6.5; Appendices B and C).  
Future cophylogenetic and population-level investigations of mammal taxa parasitized by 
both sucking and chewing lice will greatly improve our understanding of how these louse taxa 
interact with their hosts and with each other. 
The mammalian orders Carnivora, Artiodactyla, and Rodentia are heavily parasitized 
by sucking lice and chewing lice (Tables 6.1 – 6.5; Appendices B and C).  Why these taxa are 
parasitized more frequently than other mammals requires additional investigation.  Many 
species of Carnivora, Artiodactyla, and Rodentia are highly social and live in large groups, so 
it is possible that social behavior in these mammals makes them better vectors for parasite 
transmission.  However, there are several examples of mammals belonging to these orders 
that are heavily parasitized, but non-social and solitary (such as pocket gophers; M.S. Hafner 
pers. comm.).  Group living and gregariousness are thought to increase parasite prevalence 
and abundance (Ezenwa 2004), although this is not always the case (Rózsa 1997; Stanko et 
al.; 2002; Wilson et al. 2003).  Predator-prey interactions among members of these orders 
may increase opportunities for host switching and subsequent speciation in lice.  For example,  
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Table 6.1.—Frequency of parasitism by sucking lice, chewing lice, or both across 
mammalian orders (Emerson and Price 1981; Durden and Musser 1994a, 1994b; Price and 
Graham 1997; Price et al. 2003).  Within each order, the percentage of families and genera 
parasitized by lice are listed.  Mammal taxonomy follows Wilson and Reeder (1993).  
Mammal families and genera, and the families and genera of the lice that parasitize them, are 
listed in Appendices B and C.
 
Mammalian Order  Percentage of Families  Percentage of Genera 
            Parasitizeda          Parasitizedb 
 
Monotremata        0         0 
Diprotodontia      30.0       34.2 
Peramelemorphia       0         0 
Dasyuromorphia     33.3       29.4 
Notoryctemorphia       0         0 
Microbiotheria       0         0 
Paucituberculata     100       66.7 
Didelphimorphia     100       26.7 
Pholidota        0         0 
Carnivora      100       62.8 
Perissodactyla      33.3       16.7 
Artiodactyla      70.0       67.9 
Cetacea        0         0 
Insectivora      28.6       15.4 
Primates      76.9       61.7 
Dermoptera        0         0 
Scandentia      100       40.0 
Rodentia      75.9       50.0 
Lagomorpha      100       30.8 
Xenarthra      50.0       15.4 
Proboscidea      100       50.0 
Sirenia         0         0 
Hyracoidea      100       100 
Tubulidentata      100       100 
Afrosoricida        0         0 
Marcroscelidea     100       50.0 
 
aOverall Percentage of Mammalian Families Parasitized by Lice: 56.7% 
bOverall Percentage of Mammalian Genera Parasitized by Lice:   39.2% 
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Table 6.2.—Mammalian orders parasitized by sucking lice (Durden and Musser 1994a, 
1994b; Price and Graham 1997).  Within each order, the percentage of families and genera 
parasitized by sucking lice are listed.  Mammal taxonomy follows Wilson and Reeder (1993).  
Mammal families and genera, and the families and genera of the sucking lice that parasitize 
them, are listed in Appendix B.
 
Mammalian Order  Percentage of Families  Percentage of Genera 
            Parasitizeda          Parasitizedb 
 
Carnivora      54.6       20.9 
Perissodactyla      33.3       16.7 
Artiodactyla      70.0       54.3 
Insectivora      28.6       15.4 
Primates      69.2       53.3 
Scandentia      100       40.0 
Rodentia      51.7       43.5 
Lagomorpha      100       30.8 
Hyracoidea      100       33.3 
Tubulidentata      100       100 
Marcroscelidea     100       50.0 
 
aOverall Percentage of Mammalian Families Parasitized by Sucking Lice: 37.5% 
bOverall Percentage of Mammalian Genera Parasitized by Sucking Lice:   27.9% 
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Table 6.3.—Mammalian orders parasitized by chewing lice (Emerson and Price 1981; Price 
and Graham 1997; Price et al. 2003).  Within each order, the percentage of families and 
genera parasitized by chewing lice are listed.  Mammal taxonomy follows Wilson and Reeder 
(1993).  Mammal families and genera, and the families and genera of the chewing lice that 
parasitize them, are listed in Appendix C.
 
Mammalian Order  Percentage of Families  Percentage of Genera 
            Parasitizeda          Parasitizedb 
 
Diprotodontia      30.0       34.2 
Dasyuromorphia     33.3       29.4 
Paucituberculata     100       66.7 
Didelphimorphia     100       26.7 
Carnivora      72.7       47.3 
Perissodactyla      33.3       16.7 
Artiodactyla      60.0       55.6 
Primates      30.8       13.3 
Rodentia      44.8         9.5 
Xenarthra      50.0       15.4 
Proboscidea      100       100 
Hyracoidea      100       100 
 
aOverall Percentage of Mammalian Families Parasitized by Chewing Lice: 32.4% 
bOverall Percentage of Mammalian Genera Parasitized by Chewing Lice:   16.6% 
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Table 6.4.—Mammalian orders with genera that are parasitized by both sucking and chewing 
lice (Emerson and Price 1981; Durden and Musser 1994a, 1994b; Price and Graham; Price et 
al. 2003).  Within each order, the percentage of families and genera that are parasitized 
simultaneously by both groups of lice are listed.  Mammal taxonomy follows Wilson and 
Reeder (1993).  Mammal families and genera, and the families and genera of the lice that 
parasitize them, are listed in Appendices B and C.  Mammal genera parasitized by both 
sucking and chewing lice are listed in Table 6.5.
 
Mammalian Order  Percentage of Families  Percentage of Genera 
            Parasitizeda          Parasitizedb 
 
Carnivora      27.3       5.4 
Perissodactyla      33.3     16.7 
Artiodactyla      50.0     40.7 
Primates      23.2       5.0 
Rodentia      24.1       3.4 
Hyracoidea      100     33.3 
 
aOverall Percentage of Mammalian Families Parasitized by Both Groups of Lice: 14.7% 




Table 6.5.—Mammalian genera that are parasitized by both sucking and chewing lice 
(Emerson and Price 1981; Durden and Musser 1994a, 1994b; Price and Graham; Price et al. 
2003).  Mammalian taxonomy follows Wilson and Reeder (1993).
 
Order   Family   Genera
 
Carnivora  Canidae  Canis, Cerdocyon, Dusicyon, Pseudalopex,  
      Vulpes 
   Herpestidae  Ichneumia 
   Mustelidae  Lutra 
 
Perissodactyla  Equidae  Equus 
 
Artiodactyla  Suidae   Phacochoerus, Potamochoerus 
   Tayassuidae  Tayassu, Pecari 
   Camelidae  Lama 
   Cervidae  Cervus, Muntiacus, Capreolus, Mazama,  
      Odocoileus, Rangifer 
   Bovidae  Alcelaphus, Connochaetes, Damaliscus,  
      Antidorcas, Antilope, Gazella, Madoqua,  
      Neotragus, Ourebia, Raphicerus, Bos,  
      Tragelaphus, Taurotragus, Capra, Oreamnos, 
      Ovis, Rupicapra, Cephalophus, Sylvicapra,  
Pelea, Aepyceros, Redunca 
 
Primates  Lemuridae  Eulemur 
   Indridae  Propithecus 
   Cebidae  Alouatta 
 
Rodentia  Chinchillidae  Lagidium 
   Caviidae  Cavia, Galea, Microcavia 
   Ctenomyidae  Ctenomys, Octodon 
   Abrocomidae  Abrocoma 
   Echimyidae  Echimys, Hoplomys, Mesomys, Proechimys,  
      Trichomys 
   Muridae  Kunsia, Scapteromys, Thomasomys 
 
Hyracoidea  Procaviidae  Procavia 
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the sucking louse genus Linognathus parasitizes species of both Carnivora and Artiodactyla 
(Appendix B). 
Although these tables (Table 6.1 – 6.5) and appendices (Appendices B and C) 
combine all available data on host associations of sucking lice and chewing lice, these 
associations must be verified because of the apparent conflicts in the references cited.  Such 
conflicts likely are the result of accidental associations or misidentification of the host or 
parasite taxon.  It also should be emphasized that absence of a taxon from Tables 6.1 – 6.5 or 
Appendices B and C does not necessarily mean that the taxon lacks lice.  A large number of 
mammal species have not yet been examined for lice, and many species that have been 
examined may have lacked lice because of the season sampled, local extinction, or 
investigator error. 
6.2. Prevalence and Abundance of Lice on Heteromyid Rodents 
Parasitic infections can vary within and among host populations.  Most members of a 
host population can be parasitized (high prevalence), or few host individuals can be 
parasitized (low prevalence).  Those host individuals that are parasitized can harbor large or 
small numbers of parasites (high and low abundance, respectively; Bush et al. 1997).  Both 
prevalence and abundance can vary by year, season, host sex, host age, and parasite species.  
Mammal populations often are sampled extensively for use in population genetic, systematic, 
and other biological studies, providing an excellent opportunity to quantify louse populations 
within and among host populations. 
There have been several studies investigating prevalence and abundance of sucking 
lice, mostly on rodent hosts (Kristofik and Lysy 1992; Kristofik 1994).  Additionally, recent 
studies documenting sucking louse-mammal associations also have included data on parasite 
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prevalence and abundance (Durden 1980; Thomas et al. 1990; Kristofik 1999).  The extensive 
sampling of heteromyid rodents and their lice described in Chapter 4 enables direct 
assessment of Fahrenholzia prevalence and abundance over their broad geographic range.  To 
ensure confidence in these results, prevalence and abundance is assessed only for host 
specimens that were washed to obtain lice (Chapter 4). 
Seventy-five percent of all heteromyid species sampled were parasitized by 
Fahrenholzia lice (Table 6.6).  Assessment of prevalence for each population of each species 
is available upon request.  In total, 100 of the 375 heteromyid specimens examined were 
parasitized for an average prevalence of 26.7%.  Prevalence ranged from 0% – 100% for the 
28 species sampled, and was usually greater than 25% when multiple host localities and 
individuals were sampled (Table 6.6).  The species Chaetodipus formosus, Dipodomys 
microps, D. ordii, D. phillipsii, D. spectabilis, Heteromys desmarestianus, and Liomys 
irroratus showed louse prevalences greater than 50% (Table 6.6).  Twenty-one of 23 
individuals of L. irroratus from 9 localities were parasitized (Table 6.6), and it may be that 
louse prevalence is high in this species because it is generally found in humid habitats (see 
below).  Fewer than five localities were sampled for the other heteromyid species with high 
louse prevalences, so it is possible that evidence of high parasitism in these species was the 
result of sampling error, rather than a true indication of louse prevalence.  For example, all 
individuals of C. formosus sampled from one locality were parasitized, but additional 
localities would have to be sampled to determine if high louse prevalence is common in C. 
formosus. 
Heavy parasitism was a rare occurrence in this study, and louse abundance greater 
than 100 lice per host was observed in only 1 of 375 host individuals examined.  Louse 
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Table 6.6.—Prevalence of Fahrenholzia lice across all sampled heteromyid species and populations. 
 
Host Species   Localities Sampled  Specimens Examined  Specimens Parasitized      Prevalence (%)
 
Chaetodipus baileyi     6    13      4   30.8 
Chaetodipus californicus    2      8      2   25.0 
Chaetodipus eremicus  10    20      8   40.0 
Chaetodipus formosus    1      8      8             100 
Chaetodipus hispidus     6      6      2   33.3 
Chaetodipus intermedius    8    13      4   30.8 
Chaetodipus nelsoni   12    20      0     0 
Chaetodipus penicillatus    5      8      0     0 
 
All Chaetodipus species  16    96    28   29.2 
 
 
Dipodomys agilis     2      2      0     0 
Dipodomys deserti     3      6      2   33.3 
Dipodomys heermanni    2      7      2   28.6 
Dipodomys merriami   27    52    18   34.6 
Dipodomys microps     3      4      3   75.0 
Dipodomys nelsoni     3      5      1   20.0 
Dipodomys ordii     5    15      8   53.3 
Dipodomys panamintinus    3    10      3   30.0 
Dipodomys phillipsii     3      4      2   50.0 
Dipodomys spectabilis    1      2      1   50.0 
 
All Dipodomys species  41    107    40   37.4 
 
 
Heteromys desmarestianus    1      1      1             100 
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Table 6.6. Continued 
 
Host Species   Localities Sampled  Specimens Examined  Specimens Parasitized      Prevalence (%)
 
Liomys irroratus     9    23    21   91.3 
Liomys pictus      4      5      2   40.0 
 
All Liomys species   13    28    23   82.1 
 
 
Microdipodops megacephalus 18    63      0      0 
Microdipodops pallidus  14    38      0      0 
 
All Microdipodops species  30    101      0      0 
 
 
Perognathus flavus   11    17      1     5.9 
Perognathus flavescens    1      1      1     0 
Perognathus longimembris    5    15      6   40.0 
Perognathus merriami    3      7      1   14.3 
Perognathus parvus     2      2      0       0 
 




Table 6.7.—Abundance of Fahrenholzia lice on their heteromyid hosts.  Numbers of host individuals harboring at least one 
Fahrenholzia specimen are listed.
 
Host Species   1 Louse 2 – 5 Lice 6 – 9 Lice 10 – 20 Lice  20+ Lice Mean Abundancea
 
Chaetodipus baileyi      1      2       1       0        0     3.0 
Chaetodipus californicus     1      0       1       0        0     3.5 
Chaetodipus eremicus     0      1       1       1        5   35.9 
Chaetodipus formosus     2      1       1       2        2   11.9 
Chaetodipus hispidus      1      0       1       0        0     5.0 
Chaetodipus intermedius     0      1       0       1        2   21.0 
 
All Chaetodipus species     5      5       5       4        9   17.7 
 
 
Dipodomys deserti      1      1       0        0        0     1.5 
Dipodomys heermanni     2      0       0        0        0     1.0 
Dipodomys merriami      3    11       1        2        1     4.8 
Dipodomys microps      0      2       1        0        0     5.0 
Dipodomys nelsoni      1      0       0        0        0     1.0 
Dipodomys ordii      1      6       0        1        0     4.4 
Dipodomys panamintinus     3      0       0        0        0     1.0 
Dipodomys phillipsii      0      2       0        0        0     2.5 
Dipodomys spectabilis     0      0       0        0        1   29.0 
 
All Dipodomys species   11    22       2        3        2     4.5 
 
 





Table 6.7. Continued 
 
Host Species   1 Louse 2 – 5 Lice 6 – 9 Lice 10 – 20 Lice  20+ Lice  Mean Abundancea
 
Liomys irroratus      2      3       3         7         6   17.7 
Liomys pictus       0      1       0         1         0     8.0 
 
All Liomys species      2      4       3         8         6   16.8 
 
 
Perognathus flavus      0      1       0         0         0     3.0 
Perognathus longimembris     2      2       1         0         1   27.7 
Perognathus merriami     0      1       0         0         0     4.0 
 
All Perognathus species     2      4       1         0         1   21.6 
 
 
aMean abundance was calculated by dividing the total number of lice per host individual (available upon request) by the total 
number of specimens parasitized (Table 6.6 ).  Mean abundance for each genus was calculated by adding the abundance for each 





abundances were generally low (Table 6.7; exact values for each host are available upon 
request), and male and female heteromyids showed equal parasite abundance.  There were 
only 18 instances in which heteromyid individuals were parasitized by more than 20 lice.  
Host specimens exhibiting high louse abundance include C. eremicus, C. formosus, C. 
intermedius, Dipodomys merriami, D. spectabilis, L. irroratus, and Perognathus 
longimembris.  Although it is likely that individuals of Chaetodipus and Liomys usually host 
large numbers of lice, it is unlikely that this is true for Perognathus.  One specimen of P. 
longimembris included in this study was heavily parasitized (>150 lice), whereas seven other 
Perognathus specimens examined hosted fewer than 10 lice per individual. 
Overall Fahrenholzia prevalence (26.7%) and abundance (mean of 3.3 lice per host) 
observed here for heteromyid rodents are similar to values reported in previous studies of 
sucking lice.  For example, Kristofik and Lysy (1992) found an average prevalence of 21.9% 
for anoplurans on their rodent hosts in Slovakia, and Kristofik (1994) reported a similar 
prevalence of 22.2% of small rodents in Poland.  Thomas et al. (1990) reported Fahrenholzia 
prevalence on D. elator and C. hispidus to be 71% and 33%, respectively, and average 
abundances on both D. elator and C. hispidus were less than 10.  Although low parasite 
abundance among most representatives of a population is a trend observed in some 
investigations (Johnson and Clayton 2003; this study), the opposite trend often is observed in 
other systems, particularly chewing lice and their hosts (Lindell et al. 2002; M.S. Hafner, 
pers. comm.) 
Environmental conditions may play a role in louse prevalence and abundance.  
Chewing lice are affected by temperature and humidity (Marshall 1981; Price and Graham 
1997; Moyer et al. 2002; Johnson and Clayton 2003), and Kristofik (1994) noted that the 
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lowest sucking louse abundance occurred in slightly drier habitats.  Because most heteromyid 
species occupy arid habitats, overall louse abundance and prevalence may be generally low in 
these species.  Reports of louse prevalence and abundance also may be affected by collection 
season and year.  Kristofik and Lysy (1992), Kristofik (1994), and James et al. (2002) 
reported considerable variation in louse prevalence and abundance across seasons and years.  
It is also possible that louse prevalence and abundance are greater during host reproduction, 
and lice may synchronize their reproduction efforts with those of their hosts (Rothschild and 
Ford 1964; Foster 1969; Marshal 1981; Johnson and Clayton 2003).  Alternatively, louse 
prevalence and abundance may be low during much of the year when their hosts are not 
reproducing.  Lastly, it has been reported that host density and body size may affect parasite 
prevalence and abundance (Rózsa et al. 1996; Rózsa 1997; Whiteman and Parker 2004). 
Because the major thrust of this dissertation was phylogenetic, the data presented here 
are not a product of rigorous examination of Fahrenholzia prevalence and abundance.  
Although these collections are a good starting point for understanding Fahrenholzia 
parasitism on their heteromyid hosts, future studies must include multiple individuals and 
populations collected over multiple seasons and years to determine louse prevalence and 
abundance for each host species. 
6.3. Literature Cited 
 
Bush, A.O., K.D. Lafferty, J.M. Lotz, and A.W. Shotak.  1997.  Parasitology meets ecology 
on its own terms: Margolis et al. revisited.  Journal of Parasitology 83(4): 575-583. 
 
Cruickshank, R.H., K.P. Johnson, V.S. Smith, R.J. Adams, D.H. Clayton, and R.D.M. Page.  
2001.  Phylogenetic analysis of partial sequences of elongation factor 1α identifies major 
groups of lice (Insecta: Phthiraptera).  Molecular Phylogenetics and Evolution 19(2): 202-215. 
 
 236 
Durden, L.A.  1980.  Seasonal abundance of fleas (Siphonaptera) and sucking lice (Anoplura) 
on gray squirrels, Sciurus carolinensis, in central Tennessee, USA.  Journal of Medical 
Entomology 17(5): 483-484. 
 
Durden, L.A. and G.G. Musser.  1994a. The sucking lice (Insecta, Anoplura) of the world:  A 
taxonomic checklist with records of mammalian hosts and geographical distributions.  
Bulletin of the American Museum of Natural History No. 218: 1-90. 
 
Durden, L.A. and G.G. Musser.  1994b.  The mammalian hosts of the sucking lice (Anoplura) 
of the world: a host-parasite list.  Bulletin of the Society for Vector Ecology 19(2): 130-168. 
 
Emerson, K.C. and R.D. Price.  1981.  A host-parasite list of the Mallphaga on mammals.  
Miscellaneous Publications of the Entomological Society of America 12(1): 1-72 
 
Ezenwa, V.O.  2004.  Host social behavior and parasitic infection: a multifactorial approach.  
Behavioral Ecology 15(3): 446-454. 
 
Foster, M.S.  1969.  Synchronised life cycles in the orange-crowned warbler and its 
mallophagan parasites.  Ecology 50: 315-323. 
 
James, P.J., R.D. Moon, and D.R. Brown.  1998.  Seasonal dynamics and variation among 
species in densities of the sheep biting louse, Bovicola ovis.  International Journal for 
Parasitology 28(2): 283-292. 
 
Johnson, K.P. and D.H. Clayton.  2003.  The biology, ecology, and evolution of chewing lice.  
Pp. 449-476 in R. D. Price, R.A. Hellenthal, R.L. Palma, K.P. Johnson, and D.H. Clayton.  
The chewing lice: world checklist and biological overview.  Illinois Natural History Survey 
Special Publication 24. x + 501 pp. 
 
Kristofik, J.  1994.  Lice (Anoplura) on small mammals (Insectivora, Rodentia) in floodplain 
rodents.  Biologia (Bratislava) 49(5): 697-707. 
 
Kristofik, J.  1999.  Sucking lice (Phthiraptera) from Mongolian mammals.  Biologia 
(Bratislava) 54(2): 143-149. 
 
Kristofik, J. and J. Lysy.  1992.  Seasonal dynamics of sucking lice (Anoplura) in small 
mammals (Insectivora, Rodentia) in the natural foci of infections in south-west Slovakia.  
Biologia (Bratislava) 47(8): 605-617. 
 
Lindell, C.A., T.A. Gavin, R.D. Price, and A.L. Sanders.  2002.  Chewing louse distributions 
on two neotropical thrush species.  Comparative Parasitology 69(2): 212-217. 
 
Marshall, A.G. The ecology of ectoparasitic insects.  Academic Press, London. 
 
 237 
Moyer, B.R., D.M. Drown, and D.H. Clayton.  2002.  Low humidity reduces ectoparasite 
pressure: Implications for host life history evolution.  Oikos 97: 223-228. 
 
Price, M.A. and O.H. Graham.  1997.  Chewing and sucking lice as parasites of mammals and 
birds.  United States Department of Agriculture, Agricultural Research Service; Technical 
Bulletin.  No. 1848.  [adjustments to Emerson and Price in brackets] 
 
Price, R.D., R.A. Hellenthal, R.L. Palma, K.P. Johnson, and D.H. Clayton.  2003.  The 
chewing lice: world checklist and biological overview.  Illinois Natural History Survey 
Special Publication 24. x+501 pp. 
 
Rothschild, M. and R. Ford.  1964.  Breeding of the rabbit flea (Spilopsyllus cuniculi (Dale)), 
controlled by the reproductive hormones of the hosts.  Nature 201: 103-104. 
 
Rózsa, L.  1997.  Patterns in the abundance of avian lice (Phthiraptera: Amblycera, 
Ischnocera).  Journal of Avian Biology 28: 249-254. 
 
Rózsa, L., J. Rékási, and J. Reiczigel.  1996.  Relationship of host coloniality to the 
population ecology of avian lice (Insecta: Phthiraptera).  Journal of Animal Ecology 65: 242-
248. 
 
Stanko, M., D. Milkisova, J.G. de Bellocq, and S. Mornad.  2002.  Mammal density and 
patterns of ectoparasite species richness and abundance.  Oecologia 131(2): 289-295. 
 
Thomas, H.H., J.O. Whitaker Jr., and T.L. Best.  1990.  Ectoparasites of Dipodomys elator 
from north-central Texas with some data from sympatric Chaetodipus hispidus and 
Perognathus flavus.  The Southwestern Naturalist 35(2): 111-114. 
 
Whiteman, N.K. and P.G. Parker.  2004.  Effects of host sociality on ectoparasite population 
biology.  Journal of Parasitology 90(5): 939-947. 
 
Wilson, D. and D. Reeder.  1993.  Mammal Species of the World.  Washington D.C.: 
Smithsonian Institution Press. 
 
Wilson, K., R. Knell, M. Boots, and J. Koch-Osborne.  2003.  Group living and investment in 
immune defense: an interspecific analysis.  Journal of Animal Ecology 72(1): 133-143. 
 238 
CHAPTER 7. CONCLUSIONS 
 
The intimate association between many hosts and their parasites is hypothesized to 
have resulted in simultaneous speciation events.  Testing for parallel phylogenies 
(cophylogeny) is the first step toward understanding cospeciation, coadaptation, and 
ecological relationships between hosts and parasites.  Host and parasite phylogenies can be 
assessed for similarity by using tree-based, distance-based, or data-based methods (Chapter 
1).  These methods attempt to explain the history between associated taxa, but currently there 
is no consensus as to the relative ability of these methods to detect cophylogeny. 
The two host-parasite assemblages studied in this dissertation offer excellent 
opportunities to investigate cophylogeny.  One of these involves pocket gophers (Rodentia: 
Geomyidae) and their chewing lice (Phthiraptera: Mallophaga), and the other, heteromyids 
(Rodentia: Heteromyidae) and their sucking lice (Phthiraptera: Anoplura).  Members of both 
host groups are generally solitary organisms, and both louse groups are obligate ectoparasites, 
often exhibiting extreme degrees of host specificity.  This intimate and long-term association 
likely has resulted in coevolutionary adaptations and counter adaptations on the part of both 
symbiotic partners.  This study used molecular data to test the hypothesis that two rodent 
groups (geomyids and heteromyids) and their associated lice (Geomydoecus and 
Fahrenholzia, respectively) show a statistically significant pattern of cophylogeny. 
Phylogenetic analysis of chewing lice (Geomydoecus) from pocket gophers of the 
Cratogeomys merriami species group revealed 2 major clades corresponding to the G. 
coronadoi and G. mexicanus species complexes (Chapter 2).  These louse complexes are 
reciprocally monophyletic, and each clade within each complex parasitizes a different host 
species.  Both species complexes exhibit a significant pattern of cophylogeny when compared 
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to their hosts of the C. merriami species group (Chapter 3).  The phylogenetic analysis of 
sucking lice (Fahrenholzia) resolved relationships among 11 of the 12 currently recognized 
species and identified several possible cryptic species (Chapter 4).  Although there is conflict 
among the basal nodes of the heteromyid and Fahrenholzia phylogenies, cophylogenetic 
analysis revealed significant topological congruence between these hosts and parasites 
(Chapter 5). 
Extensive sampling of hosts and their parasites enabled a rigorous analysis of 
cophylogeny in two different rodent-louse assemblages, revealing significant cophylogeny in 
both.  These results suggest that cophylogeny may be a relatively common occurrence in host-
parasite assemblages, but it is more likely that cophylogeny is widespread in host-parasite 
assemblages that show high host specificity (e.g., rodents and lice) and less common in those 
with low specificity or complex parasite life cycles).  The results of the cophylogeny analyses 
(Chapters 3 and 5) also indicate that a variety of macroevolutionary events are involved in 
host-parasite associations, including cospeciation, host switching, sorting events (extinction 
and lineage sorting), widespread taxa (inertia events), duplication events (parasite speciation), 
and failure to speciate. 
Because the hosts and parasites analyzed in Chapters 3 and 5 showed significant 
cophylogeny, relative rates of molecular evolution could be estimated for those host-parasite 
pairs that have cospeciated. Lice of the G. coronadoi species complex appear to be evolving 2 
- 3 times faster than their pocket gopher hosts (Chapter 3), lice of the G. mexicanus species 
complex are evolving at roughly the same rate as their hosts (Chapter 3), and Fahrenholzia 
lice are evolving roughly 1.6 times faster than their heteromyid hosts (Chapter 5).  Rate 
differences among lice, and between lice and their hosts, may be the result of differences in 
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population size, mutation rate, generation time, metabolic, or several other factors that may 
influence rates of molecular change.  Only future studies isolating and examining each of the 
above possible causes for disparate rates will resolve this issue. 
 This dissertation contributes to resolution of the methodological debate regarding the 
utility of the various methods used in cophylogenetic analyses by demonstrating the relative 
utility of tree-based, data-based, and distance-based methods within the limited scope of the 
rodents and lice analyzed.  Tree-based and distance-based methods, including reconciliation 
analysis, generalized parsimony, and ParaFit, appear to be the methods of choice for detecting 
significant cophylogeny.  Use of one tree-based method (e.g., reconciliation analysis) in 
conjunction with one distance-based method (e.g., ParaFit) creates a powerful combination of 
tools for not only detecting cophylogeny, but also determining which host-parasite pairs 
contribute to the cophylogeny signal and which do not.  Incorporation of data-based methods 
in cophylogenetic analyses helps by ruling out sampling error as the source of incongruence 
in the host and parasite datasets.  Thus, future studies of cophylogeny may benefit from use of 
all three types of analyses, one to detect the pattern of cophylogeny, another to determine 
which host-parasite pairs contribute to that pattern, and the third to determine if sampling 
error is the source of incongruence between the host and parasite datasets. 
Finally, Chapter 6 of this dissertation presented a compilation of mammal-louse 
associations that may be useful in future investigations and offered a preliminary assessment 
of sucking louse prevalence and abundance on heteromyid rodents.  Future studies must 
include multiple individuals and populations collected over multiple seasons and years to 
determine louse prevalence and abundance for each host species. 
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APPENDIX A. LIST OF THE 68 TAXA EXAMINED IN 
MORPHOLOGICAL ANALYSES 
 
 List of the 68 taxa examined in morphological analyses.  Specimens are grouped by 
louse species, ordered by locality and gopher host, and identified by host voucher number 
followed by louse identification number. Specimens used in the molecular analysis are 
indicated by an asterisk (Geomydoecus coronadoi 1 – LSUMZ 34344 was not included in 
morphological analyses; see text).  Museum acronyms for gopher hosts are as follows: 
Colección Nacional de Mamíferos, Universidad Nacional Autónoma de México (CNMA) and 
Louisiana State University Museum of Natural Science (LSUMZ).  Localities are numbered 
and mapped in Fig. 2.1. 
 Geomydoecus coronadoi (n = 25).—1. HIDALGO: Irolo, 2500 m, ex Cratogomys 
perotensis CNMA 41904, Gecor1578.1* and Gecor1578.2; 2. TLAXCALA: Llanos de Teopa, 8 
km (by rd.) N Tlaxco, 2887 m, ex Cratogeomys perotensis CNMA 41905, Gecor1579.1* and 
Gecor1579.2; 3. PUEBLA: 2.5 km N Zaragosa, 2250 m, ex Cratogeomys perotensis CNMA 
41906, Gecor1580.1*; 5. VERACRUZ: 2 km S Las Vigas, 2568 ft., ex Cratogeomys perotensis 
LSUMZ 34903, Gecor4.20.03#1, Gecor1563.1, and Gecor1563.2*; 7. VERACRUZ: 9 km NE 
Perote, 2440 m, ex Cratogeomys perotensis CNMA 41910, Gecor1584.1* and Gecor1584.2; 
7. VERACRUZ: 9 km NE Perote, 2440 m, ex Cratogeomys perotensis CNMA 41911, 
Gecor1585.1* and Gecor1585.2; 12. PUEBLA: 1 km S Atlixco, 6300 ft., ex Cratogeomys 
merriami LSUMZ 36067, Gecor5.26.03#2 and Gecor1490.5*; 12. PUEBLA: 1 km S Atlixco, 
6300 ft., ex Cratogeomys merriami LSUMZ 36068, Gecor5.26.03#1*; 12. PUEBLA: 1 km S 
Atlixco, 6300 ft., ex Cratogeomys merriami LSUMZ 36293, Gecor4.09.03#4*, Gecor1571.1, 
Gecor1571.2; 13. PUEBLA: 1 km SE San Miguel Xoxtla, 2430 m, ex Cratogeomys merriami 
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CNMA 41826, Gecor4.09.03#8* and Gecor1577.1; 14. MÉXICO: 5 km SSW Texcoco, 7000 
ft., ex Cratogeomys merriami LSUMZ 36065, Gecor5.26.03#3*; 15. MÉXICO: 15 km SSW 
Texcoco, 2253 m, ex Cratogeomys merriami CNMA 41819, Gecor5.14.03#1* and 
Gecor5.14.03#2; 16. MÉXICO: 2 km SE Coatepec, 8600 ft., ex Cratogeomys merriami 
LSUMZ 36125, Gecor1531.1* and Gecor1531.4. 
 Geomydoecus veracruzensis (n = 9).—8. VERACRUZ: 2 km NE Perote, 7900 ft., ex 
Cratogeomys fulvescens CNMA 41824, Gever4.09.03#6*; 8. VERACRUZ: 2 km NE Perote, 
7900 ft., ex Cratogeomys fulvescens CNMA 41825, Gever4.09.03#7 and Gever4.20.03#3*; 8. 
VERACRUZ: 2 km NE Perote, 7900 ft., ex Cratogeomys fulvescens LSUMZ 36069, 
Gever5.26.03#1*; 10. PUEBLA: 1 km SE Ciudad Serdán, 2700 m, ex Cratogeomys fulvescens 
CNMA 41823, Gever4.09.03#5*, Gever1574.2, Gever1574.3, and Gever1574.4; 11. 
TLAXCALA: Huamantla, 2380 m, ex Cratogeomys fulvescens 11 – CNMA 41908, 
Gever1582.1*. 
Geomydoecus fulvescens (n = 9).—8. VERACRUZ: 2 km NE Perote, 7900 ft., ex 
Cratogeomys fulvescens CNMA 41824, Geful1575.1*; 8. VERACRUZ: 2 km NE Perote, 7900 
ft., ex Cratogeomys fulvescens CNMA 41825, Geful1576.1*; 8. VERACRUZ: 2 km NE Perote, 
7900 ft., ex Cratogeomys fulvescens LSUMZ 36069, Geful5.26.03#1*; 9. PUEBLA: 1 km NW 
Zacatepec, 2380 m, ex Cratogeomys fulvesencs CNMA 41907, Geful1581.1* and 
Geful1581.2; 10. PUEBLA: 1 km SE Ciudad Serdán, 2700 m, ex Cratogeomys fulvescens 
CNMA 41823, Geful1574.1*, Geful1574.2, and Geful1574.3; 11. TLAXCALA: Huamantla, 
2380 m, ex Cratogeomys fulvescens 11 – CNMA 41908, Geful1582.1*. 
Geomydoecus mexicanus (n = 6).—12. PUEBLA: 1 km S Atlixco, 6300 ft., ex 
Cratogeomys merriami LSUMZ 36067, Gemex5.26.03#4, Gemex1490.4, and 
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Gemex1490.6*; 12. PUEBLA: 1 km S Atlixco, 6300 ft., ex Cratogeomys merriami LSUMZ 
36068, Gemex5.26.03#2*; 12. PUEBLA: 1 km S Atlixco, 6300 ft., ex Cratogeomys merriami 
LSUMZ 36293, Gemex1571.2 and Gemex1571.3*. 
Geomydoecus perotensis (n = 10).—1. HIDALGO: Irolo, 2500 m, ex Cratogomys 
perotensis LSUMZ 41904, Geper5.26.03#5*; 1. HIDALGO: Irolo, 2500 m, ex Cratogomys 
perotensis CNMA 41904, Geper1578.1*; 2. TLAXCALA: Llanos de Teopa, 8 km (by rd.) N 
Tlaxco, 2887 m, ex Cratogeomys perotensis CNMA 41905, Geper1579.1*; 3. PUEBLA: 2.5 
km N Zaragosa, 2250 m, ex Cratogeomys perotensis CNMA 41906, Geper1580.1*; 4. 
VERACRUZ: Las Vigas, 7900 ft., ex Cratogeomys perotensis LSUMZ 36070, Geper1493.1*; 
5. VERACRUZ: 2 km S Las Vigas, 2568 ft., ex Cratogeomys perotensis LSUMZ 34903, 
Gemex5.14.03#1* and Gemex5.14.03#2; 6. VERACRUZ: Cruz Blanca, 2450 m, ex 
Cratogeomys perotensis CNMA 41909, Geper1583.1*; 7. VERACRUZ: 9 km NE Perote, 2440 
m, ex Cratogeomys perotensis CNMA 41910, Geper1584.1*; 7. VERACRUZ: 9 km NE Perote, 
2440 m, ex Cratogeomys perotensis CNMA 41911, Geper1585.1*. 
Geomydoecus traubi (n = 9).—13. PUEBLA: 1 km SE San Miguel Xoxtla, 2430 m, ex 
Cratogeomys merriami CNMA 41826, Getra4.09.03#4* and Getra1577.2; 14. MÉXICO: 5 km 
SSW Texcoco, 7000 ft., ex Cratogeomys merriami LSUMZ 36065, Getra5.26.03#1* and 
Getra1488.2; 15. MÉXICO: 15 km SSW Texcoco, 2253 m, ex Cratogeomys merriami CNMA 
41819, Getra1570.1* and Getra1570.2; 16. MÉXICO: 2 km SE Coatepec, 8600 ft., ex 
Cratogeomys merriami LSUMZ 36125, Getra1531.2*, Getra1531.3, and Getra1531.4. 
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APPENDIX B. MAMMALIAN ORDERS, FAMILIES, AND GENERA PARASITIZED BY LICE  
IN THE SUBORDER ANOPLURA 
 
Appendix B.—Mammalian orders, families, and genera parasitized by lice in the suborder Anoplura (Durden and Musser 1994a, 
1994b; Price and Graham 1997).  Louse families and genera are listed.  Mammalian taxonomy follows Wilson and Reeder (1993).
 
Order   Family   Genus    Louse Family   Louse Genus 
 
Carnivora  Canidae  Alopex    Linognathidae   Linognathus 
      Canis    Linognathidae   Linognathus 
      Cerdocyon   Linognathidae   Linognathus 
      Dusicyon   Linognathidae   Linognathus 
      Pseudalopex   Linognathidae   Linognathus 
      Vulpes    Linognathidae   Linognathus 
   Mustelidae  Lontra    Echinophthiriidae  Latagophthirus 
      Lutra    Echinophthiriidae  Latagophthirus 
   Otariidae  Arctocephalus   Echinophthiriidae  Proechinophthirus 
Callorhinus   Echinophthiriidae  Antarctophthirus 
Proechinophthirus 
     Eumetopias   Echinophthiriidae  Antarctophthirus 
Proechinophthirus 
      Neophoca   Echinophthiriidae  Antarctophthirus 
      Otaria    Echinophthiriidae  Antarctophthirus 
          Linognathidae   Linognathus 
      Phocarctos   Echinophthiriidae  Antarctophthirus 
      Zalophus   Echinophthiriidae  Antarctophthirus 
   Odobenidae  Odobenus   Echinophthiriidae  Antarctophthirus 
   Phocidae  Cystophora   Echinophthiriidae  Echinophthirius 
      Erignathus   Echinophthiriidae  Echinophthirius 
      Halichoerus   Echinophthiriidae  Echinophthirius 
      Hydrurga   Echinophthiriidae  Antarctophthirus 




Order   Family   Genus    Louse Family   Louse Genus 
 
Carnivora  Phocidae  Lobodon   Echinophthiriidae  Antarctophthirus 
      Mirounga   Echinophthiriidae  Lepidophthirus 
      Monachus   Echinophthiriidae  Lepidophthirus 
  Ommatophoca   Echinophthiriidae  Antarctophthirus 
Phoca    Echinophthiriidae  Echinopthirius 
          Linognathidae   Linognathus 
 
Perissodactyla  Equidae  Equus    Haematopinidae  Haematopinus 
          Ratemiidae   Ratemia 
 
Artiodactyla  Suidae   Babyrousa   Haematopinidae  Haematopinus 
      Phacochoerus   Haematopinidae  Haematopinus 
      Hylochoerus   Haematopinidae  Haematopinus 
      Potamochoerus  Haematopinidae  Haematopinus 
   Tayassuidae  Tayassu   Pecaroecidae   Pecaroecus 
      Pecari    Pecaroecidae   Pecaroecus 
   Camelidae  Camelus   Microthoraciidae  Microthoracius 
          Haematopinidae  Haematopinus 
      Lama    Microthoraciidae  Microthoracius 
      Vicugna   Microthoraciidae  Microthoracius 
   Giraffidae  Giraffa   Linognathidae   Linognathus 
   Cervidae  Cervus    Haematopinidae  Haematopinus 
          Linognathidae   Solenopotes 
      Muntiacus   Linognathidae   Solenopotes 
      Capreolus   Linognathidae   Solenopotes 
      Mazama   Linognathidae   Solenopotes 
      Odocoileus   Linognathidae   Linognathus 




Order   Family   Genus    Louse Family   Louse Genus 
 
Artiodactyla  Cervidae  Rangifer   Linognathidae   Solenopotes 
 
Artiodactyla  Bovidae  Alcelaphus   Linognathidae   Linognathus 
              Solenopotes 
  Connochaetes   Linognathidae   Linognathus 
              Solenopotes 
      Damaliscus   Linognathidae   Linognathus 
              Solenopotes 
      Antidorcas   Linognathidae   Linognathus 
      Antilope   Linognathidae   Linognathus 
      Gazella   Linognathidae   Linognathus 
      Madoqua   Linognathidae   Linognathus 
      Neotragus   Linognathidae   Linognathus 
      Ourebia   Linognathidae   Linognathus 
      Raphicerus   Linognathidae   Linognathus 
              Solenopotes 
      Bos    Haetmatopinidae  Haematopinus 
          Linognathidae   Linognathus 
              Solenopotes 
      Boselaphus   Haetmatopinidae  Haematopinus 
      Bubalus   Haetmatopinidae  Haematopinus 
      Syncerus   Haetmatopinidae  Haematopinus 
      Taurotragus   Haetmatopinidae  Haematopinus 
          Linognathidae   Linognathus 
      Tragelaphus   Haetmatopinidae  Haematopinus 
          Linognathidae   Linognathus 
      Capra    Linognathidae   Linognathus 




Order   Family   Genus    Louse Family   Louse Genus 
 
Artiodactyla  Bovidae  Ovis    Linognathidae   Linognathus 
      Rupicapra   Linognathidae   Linognathus 
  Cephalopus   Linognathidae   Linognathus 
      Sylvicapra   Linognathidae   Linognathus 
      Addax    Linognathidae   Linognathus 
  Hippotragus   Linognathidae   Linognathus 
      Oryx    Haetmatopinidae  Haematopinus 
          Linognathidae   Linognathus 
      Pelea    Linognathidae   Linognathus 
      Aepycerus   Linognathidae   Linognathus 
      Redunca   Linognathidae   Linognathus 
 
Insectivora  Soricidae  Crocidura   Hoplopleuridae  Ancistroplax 
          Polyplacidae   Polyplax 
      Myosorex   Polyplacidae   Polyplax 
      Scutisorex   Polyplacidae   Polyplax 
      Suncus    Hoplopleuridae  Ancistroplax 
          Polyplacidae   Polyplax 
      Sylvisorex   Polyplacidae   Polyplax 
      Neomys   Polyplacidae   Polyplax 
      Sorex    Polyplacidae   Polyplax 
      Soriculus   Hoplopleuridae  Ancistroplax 
   Talpidae  Parascalops   Hoplopleuridae  Haematopinoides 
      Scalopus   Hoplopleuridae  Haematopinoides 
 
Primates  Cheirogaleidae Cheirogaleus   Polyplacidae   Lemurpediculus 
      Microcebus   Polyplacidae   Lemurpediculus 




Order   Family   Genus    Louse Family   Louse Genus 
 
Primates  Megaladapidae Lepilemur   Polyplacidae   Lemurpediculus 
              Phthirpediculus 
  Indridae  Avahi    Polyplacidae   Phthirpediculus 
      Propithecus   Polyplacidae   Phthirpediculus 
   Galagonidae  Galago   Polyplacidae   Lemurphthirus 
      Galagoides   Polyplacidae   Lemurphthirus 
     Otolemur   Polyplacidae   Lemurphthirus 
   Cebidae  Alouatta   Pediculidae   Pediculus 
      Cebus    Pediculidae   Pediculus 
      Cacajao   Pediculidae   Pediculus 
      Pithecia   Pediculidae   Pediculus 
      Ateles    Pediculidae   Pediculus 
   Cercopithecidae Cercocebus   Pediculidae   Pediculus 
      Cercopithecus   Pediculidae   Pediculus 
      Erythrocebus   Pediculidae   Pediculus 
      Macaca   Pediculidae   Pediculus 
      Papio    Pediculidae   Pediculus 
      Lophocebus   Pediculidae   Pediculus 
      Chlorocebus   Pediculidae   Pediculus 
      Miopithecus   Pediculidae   Pediculus 
      Colobus   Pediculidae   Pediculus 
      Nasalis   Pediculidae   Pediculus 
      Presbytis   Pediculidae   Pediculus 
      Procolobus   Pediculidae   Pediculus 
      Trachypithecus  Pediculidae   Pediculus 
      Semnopithecus  Pediculidae   Pediculus 
   Hylobatidae  Hylobates   Pedicinidae   Pedicinus 




Order   Family   Genus    Louse Family   Louse Genus 
 
Primates  Hominidae  Gorilla   Pthiridae   Pthirus 
      Pan    Pediculidae   Pediculus 
  Homo    Pediculidae   Pediculus 
          Pthiridae   Pthirus 
 
Scandentia  Tupaiidae  Anathana   Polyplacidae   Docophthirus 
      Tupaia    Polyplacidae   Sathrax 
 
Rodentia  Bathyergidae  Bathyergus   Polyplacidae   Eulingnathus 
      Cryptomys   Polyplacidae   Eulingnathus 
   Petromuridae  Petromus   Polyplacidae   Scipio 
   Thryonomyidae Thryonomys   Polyplacidae   Scipio 
   Chinchillidae  Lagidium   Polyplacidae   Cuyana 
              Eulinognathus 
              Lagidiophthirus 
   Caviidae  Cavia    Hoplopleuridae  Pterophthirus 
      Galea    Polyplacidae   Galeophthirus 
      Microcavia   Hoplopleuridae  Pterophthirus 
   Ctenomyidae  Ctenomys   Polyplacidae   Eulinognathus 
   Octodontidae  Octodon   Hoplopleuridae  Hoplopleura 
      Octodontomys   Hoplopleuridae  Hoplopleura 
   Abrocomidae  Abrocoma   Polyplacidae   Abrocomaphthirus 
              Polyplax 
   Echimyidae  Echimys   Hoplopleuridae  Hoplopleura 
      Hoplomys   Hoplopleuridae  Pterophthirus 






Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Echimyidae  Proechimys   Hoplopleuridae  Hoplopleura 
              Pterophthirus 
          Polyplacidae   Fahrenholzia 
              Polyplax 
  Thrichomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Ctenophthirus 
   Pedetidae  Pedetes   Polyplacidae   Eulinognatus 
  Sciuridae  Ammospermophilus  Enderleinellidae  Enderleinellus 
          Polyplacidae   Linognathoides 
              Neohaematopinus 
      Atlantoxerus   Enderleinellidae  Enderleinellus 
          Polyplacidae   Linognathoides 
      Callosciurus   Enderleinellidae  Enderleinellus 
          Hoplopleuridae  Hoplopleura 
          Microthoraciidae  Microthoracius 
          Polyplacidae   Neohaematopinus 
      Cynomys   Enderleinellidae  Enderleinellus 
          Polyplacidae   Linognathoides 
              Neohaematopinus 
      Dremomys   Enderleinellidae  Enderleinellus 
          Polyplacidae   Neohaematopinus 
      Epixerus   Enderleinellidae  Enderleinellus 
      Exillsciurus   Polyplacidae   Neohaematopinus 
      Funambulus   Enderleinellidae  Enderleinellus 
          Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
      Funisciurus   Enderleinellidae  Werneckia 




Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Sciuridae  Glyphotes   Enderleinellidae  Enderleinellus 
          Polyplacidae   Neohaematopinus 
  Heliosciurus   Enderleinellidae  Enderleinellus 
          Linognathidae   Solenopotes 
Polyplacidae   Johnsonpthirus 
      Lariscus   Enderleinellidae  Enderleinellus 
          Polyplacidae   Neohaematopinus 
  Marmota   Enderleinellidae  Enderleinellus 
          Polyplacidae   Neohaematopinus 
      Menetes   Enderleinellidae  Enderleinellus 
          Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
              Polyplax 
      Microsciurus   Enderleinellidae  Enderleinellus 
          Polyplacidae   Neohaematopinus 
      Nannosciurus   Enderleinellidae  Enderleinellus 
      Paraxerus   Enderleinellidae  Enderleinellus 
          Linognathidae   Neolinognathus 
          Polyplacidae   Johnsonpthirus 
      Protoxerus   Enderleinellidae  Enderleinellus 
      Sciurotamias   Enderleinellidae  Enderleinellus 
          Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
      Sciurus   Enderleinellidae  Enderleinellus 
          Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
              Polyplax 
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Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Sciuridae  Spermophilus   Enderleinellidae  Enderleinellus 
          Polyplacidae   Linognathoides 
Neohaematopinus 
              Polyplax 
      Sundasciurus   Polyplacidae   Neohaematopinus 
      Tamias   Enderleinellidae  Enderleinellus 
          Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
  Tamiasciurus   Enderleinellidae  Enderleinellus 
          Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
      Tamiops   Enderleinellidae  Enderleinellus 
          Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
      Xerus    Enderleinellidae  Enderleinellus 
          Polyplacidae   Linognathoides 
      Glaucomys   Enderleinellidae  Microphthirus 
          Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
      Hylopetes   Polyplacidae   Neohaematopinus 
      Petaurillus   Polyplacidae   Neohaematopinus 
      Petaurista   Enderleinellidae  Atopophthirus 
              Phthirunculus 
          Polyplacidae   Neohaematopinus 
      Petinomys   Polyplacidae   Neohaematopinus 
      Pteromys   Enderleinellidae  Enderleinellus 





Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Heteromyidae  Dipodomys   Polyplacidae   Fahrenholzia 
      Microdipodops  Polyplacidae   Fahrenholzia 
      Heteromys   Polyplacidae   Fahrenholzia 
      Liomys    Polyplacidae   Fahrenholzia 
      Chaetodipus   Polyplacidae   Fahrenholzia 
      Perognathus   Polyplacidae   Fahrenholzia 
   Myoxidae  Graphiurus   Hoplopleuridae  Schizophthirus 
      Dryomys   Hoplopleuridae  Schizophthirus 
  Myoxidae  Eliomys   Hoplopleuridae  Schizophthirus 
          Polyplacidae   Polyplax 
   Dipodidae  Allactaga   Polyplacidae   Eulinognathus 
      Pygeretmus   Polyplacidae   Eulinognathus 
      Cardiocranius   Polyplacidae   Eulinognathus 
      Dipus    Polyplacidae   Eulinognathus 
      Eremodipus   Polyplacidae   Eulinognathus 
      Jaculus   Polyplacidae   Eulinognathus 
      Stylodipus   Polyplacidae   Eulinognathus 
      Euchoreutes   Polyplacidae   Eulinognathus 
      Sicista    Polyplacidae   Eulinognathus 
      Paradipus   Polyplacidae   Eulinognathus 
   Muridae  Typhlomys   Polyplacidae   Mirophthirus 
              Typhlomyophthirus 
      Lophiomys   Polyplacidae   Eulinognathus 
      Dendromus   Hoplopleuridae  Hoplopleura 
      Deomys   Polyplacidae   Polyplax 
      Steatomys   Polyplacidae   Polyplax 
      Cricetus   Polyplacidae   Polyplax 




Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Muridae  Tscherskia   Hoplopleuridae  Hoplopleura 
      Calomyscus   Polyplacidae   Polyplax 
      Mystromys   Polyplacidae   Polyplax 
      Cannomys   Polyplacidae   Polyplax 
      Rhizomys   Polyplacidae   Polyplax 
      Cricetomys   Polyplacidae   Proenderleinellus 
      Saccostomus   Polyplacidae   Polyplax 
      Brachyuromys   Polyplacidae   Polyplax 
  Hypogeomys   Polyplacidae   Eulinognathus 
      Nesomys   Polyplacidae   Polyplax 
      Otomys   Polyplacidae   Polyplax 
      Parotomys   Polyplacidae   Polyplax 
      Alticola   Hoplopleuridae  Hoplopleura 
      Arvicola   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Blanfordimys   Hoplopleuridae  Hoplopleura 
      Chionomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Fahrenholzia 
      Clethrionomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Dicrostonyx   Hoplopleuridae  Hoplopleura 
      Ellobius   Polyplacidae   Polyplax 
      Eothenomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
      Lagurus   Polyplacidae   Polyplax 
      Lasiopodomys   Hoplopleuridae  Hoplopleura 
      Lemmiscus   Hoplopleuridae  Hoplopleura 




Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Muridae  Lemmus   Hoplopleuridae  Hoplopleura 
      Microtus   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Ondatra   Hoplopleuridae  Hoplopleura 
      Phaulomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
      Phenacomys   Polyplacidae   Polyplax 
  Synaptomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Desmodillus   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Gerbillurus   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Meriones   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Pachyuromys   Polyplacidae   Polyplax 
      Psammomys   Polyplacidae   Polyplax 
      Rhombomys   Polyplacidae   Polyplax 
      Sekeetamys   Polyplacidae   Polyplax 
      Tatera    Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Taterillus   Polyplacidae   Polyplax 
      Acomys   Polyplacidae   Polyplax 
      Aethomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Apodemus   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Fahrenholzia 




Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Muridae  Arvicanthis   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Bandicota   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Berylmys   Hoplopleuridae  Hoplopleura 
      Bullimus   Polyplacidae   Polyplax 
  Bunomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Chrotomys   Hoplopleuridae  Hoplopleura 
      Colomys   Hoplopleuridae  Hoplopleura 
      Cremnomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Dacnomys   Polyplacidae   Polyplax 
      Dasymys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Eropeplus   Polyplacidae   Polyplax 
      Golunda   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Grammomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Hybomys   Hoplopleuridae  Hoplopleura 
      Hydromys   Hoplopleuridae  Hoplopleura 
      Lemniscomys   Hoplopleuridae  Hoplopleura 
      Leopoldamys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Lophuromys   Polyplacidae   Polyplax 





Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Muridae  Maxomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Mayermys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Melasmothrix   Polyplacidae   Polyplax 
      Micromys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
  Millardia   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Mus    Hoplopleuridae  Hoplopleura 
          Polyplacidae   Lagidiophthirus 
Polyplax 
      Mylomys   Hoplopleuridae  Hoplopleura 
      Myomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Nesokia   Polyplacidae   Polyplax 
      Niviventer   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Oenomys   Hoplopleuridae  Hoplopleura 
      Pelomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Phloeomys   Polyplacidae   Polyplax 
      Praomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
Polyplax 
      Pseudomys   Hoplopleuridae  Hoplopleura 
      Rattus    Hoplopleuridae  Hoplopleura 




Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Muridae  Rhabdomys   Polyplacidae   Polyplax 
      Sundamys   Hoplopleuridae  Hoplopleura 
      Tarsomys   Polyplacidae   Polyplax 
      Uromys   Hoplopleuridae  Hoplopleura 
      Vandeleuria   Hoplopleuridae  Hoplopleura 
      Zelotomys   Hoplopleuridae  Hoplopleura 
      Aepeomys   Hoplopleuridae  Hoplopleura 
  Akodon   Hoplopleuridae  Hoplopleura 
      Auliscomys   Hoplopleuridae  Hoplopleura 
      Bolomys   Hoplopleuridae  Hoplopleura 
      Calomys   Hoplopleuridae  Hoplopleura 
      Chibchanomys  Hoplopleuridae  Hoplopleura 
      Chroeomys   Hoplopleuridae  Hoplopleura 
      Eligmodontia   Hoplopleuridae  Hoplopleura 
      Graomys   Hoplopleuridae  Hoplopleura 
      Hodomys   Polyplacidae   Neohaematopinus 
      Holochilus   Hoplopleuridae  Hoplopleura 
      Kunsia    Hoplopleuridae  Hoplopleura 
      Megadontomys  Hoplopleuridae  Hoplopleura 
      Melanomys   Hoplopleuridae  Hoplopleura 
      Microryzomys   Hoplopleuridae  Hoplopleura 
      Neacomys   Hoplopleuridae  Hoplopleura 
      Nectomys   Hoplopleuridae  Hoplopleura 
      Neotoma   Polyplacidae   Neohaematopinus 
      Neotomodon   Polyplacidae   Polyplax 
      Nesoryzomys   Hoplopleuridae  Hoplopleura 





Order   Family   Genus    Louse Family   Louse Genus 
 
Rodentia  Muridae  Oecomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Oligoryzomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Onychomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Oxymycterus   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
  Peromyscus   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
              Polyplax 
      Reithrodon   Hoplopleuridae  Hoplopleura 
      Reithrodontomys  Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
      Rhipidomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Haemodipus 
      Scapteromys   Hoplopleuridae  Hoplopleura 
      Scotinomys   Hoplopleuridae  Hoplopleura 
      Sigmodon   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Neohaematopinus 
      Thomasomys   Hoplopleuridae  Hoplopleura 
      Zygodontomys   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Fahrenholzia 
 
Lagomorpha  Ochotonidae  Ochotona   Hoplopleuridae  Hoplopleura 
          Polyplacidae   Polyplax 
   Leporidae  Lepus    Polyplacidae   Haemodipus 




Order   Family   Genus    Louse Family   Louse Genus 
 
Lagomorpha  Leporidae  Sylvilagus   Polyplacidae   Haemodipus 
 
Hyracoidea  Procaviidae  Procavia   Linognathidae   Prolinognathus 
 
Tubulidentata  Orycteropodidae Orycteropus   Hybophthiridae  Hybophthirus 
 
Marcroscelidea Macroscelididae Elephantulus   Neolinognathidae  Neolinognathus 
      Petrodromus   Neolinognathidae  Neolinognathus 
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APPENDIX C. MAMMALIAN ORDERS, FAMILIES, AND GENERA PARASITIZED BY LICE IN 
THE SUBORDERS AMBYCERA, ISCHNOCERA, AND RHYNCHOPHTHIRINA 
 
Appendix C.—Mammalian orders, families, and genera parasitized by lice in the suborders Amblycera, Ischnocera, and 
Rhynchophthirina (Emerson and Price 1981; Price and Graham; Price et al. 2003).  Louse suborders, families, and genera are listed.  
Mammalian taxonomy follows Wilson and Reeder (1993).
 
Order   Family   Genus   Louse Suborder Louse Family  Louse Genus 
 
Didelphimorphia Didelphidae  Gracilinanus  Amblycera  Trimenoponidae Cummingsia 
      Marmosa  Amblycera  Trimenoponidae Cummingsia 
      Marmosops  Amblycera  Trimenoponidae Cummingsia 
      Monodelphis  Amblycera  Trimenoponidae Cummingsia 
 
Paucituberculata Caenolestidae  Caenolestes  Amblycera  Trimenoponidae Cummingsia 
      Lestoros  Amblycera  Trimenoponidae Cummingsia 
 
Dasyuromorphia Dasyuridae  Antechinus  Amblycera  Boopiidae  Boopia 
               Phacogalia 
      Dasyurus  Amblycera  Boopiidae  Boopia 
      Parantechinus  Amblycera  Boopiidae  Boopia 
      Phascogale  Amblycera  Boopiidae  Phacogalia 
      Sminthopsis  Amblycera  Boopiidae  Boopia 
 
Diprotodontia  Vombatidae  Lasiorhinus  Amblycera  Boopiidae  Boopia 
      Vombatus  Amblycera  Boopiidae  Boopia 
   Potoroidae  Aepyprymnus  Amblycera  Boopiidae  Paraheterodoxus 
      Bettongia  Amblycera  Boopiidae  Paraheterodoxus 
      Potorous  Amblycera  Boopiidae  Paraheterodoxus 
   Macropodidae  Dendrolagus  Amblycera  Boopiidae  Boopia 
               Heterodoxus 




Order   Family   Genus   Louse Suborder Louse Family  Louse Genus 
 
Diprotodontia  Macropodidae  Dorcopsulus  Amblycera  Boopiidae  Heterodoxus 
  Macropus  Amblycera  Boopiidae  Boopia 
               Heterodoxus 
               Latumcephalum 
               Paraboopia 
      Petrogale  Amblycera  Boopiidae  Heterodoxus 
               Paraheterodoxus 
      Setonix  Amblycera  Boopiidae  Heterodoxus 
      Thylogale  Amblycera  Boopiidae  Heterodoxus 
               Macropophila 
      Wallabia  Amblycera  Boopiidae  Boopia 
               Heterodoxus 
               Latumcephalum 
 
Carnivora  Ursidae  Tremarctos  Ischnocera  Trichodectidae Trichodectes 
      Ursus   Ischnocera  Trichodectidae Trichodectes 
   Canidae  Canis   Ischnocera  Trichodectidae Trichodectes 
         Amblycera  Boopiidae  Heterodoxus 
      Cerdocyon  Ischnocera  Trichodectidae Trichodectes 
               Felicola 
      Dusicyon  Ischnocera  Trichodectidae Trichodectes 
               Suricatoecus 
      Otocyon  Ischnocera  Trichodectidae Felicola 
      Pseudalopex  Ischnocera  Trichodectidae Trichodectes 
               Felicola 
      Urocyon  Ischnocera  Trichodectidae Neotrichodectes 
               Felicola 




Order   Family   Genus   Louse Suborder Louse Family  Louse Genus 
 
Carnivora  Canidae  Vulpes   Ischnocera  Trichodectidae Trichodectes 
               Felicola 
   Felidae  Felis   Ischnocera  Trichodectidae Felicola 
      Herpailurus  Ischnocera  Trichodectidae Felicola 
      Leopardus  Ischnocera  Trichodectidae Felicola 
      Lynx   Ischnocera  Trichodectidae Felicola 
      Oncifelis  Ischnocera  Trichodectidae Felicola 
      Prionailurus  Ischnocera  Trichodectidae Felicola 
      Puma   Ischnocera  Trichodectidae Felicola 
      Panthera  Ischnocera  Trichodectidae Felicola 
   Herpestidae  Salanoia  Ischnocera  Trichodectidae Felicola 
      Atilax   Ischnocera  Trichodectidae Felicola 
      Bdeogale  Ischnocera  Trichodectidae Felicola 
      Crossarchus  Ischnocera  Trichodectidae Felicola 
      Cynictis  Ischnocera  Trichodectidae Felicola 
      Helogale  Ischnocera  Trichodectidae Felicola 
      Herpestes  Ischnocera  Trichodectidae Felicola 
      Ichneumia  Ischnocera  Trichodectidae Felicola 
               Lutridia 
      Liberiictis  Ischnocera  Trichodectidae Felicola 
      Mungos  Ischnocera  Trichodectidae Felicola 
      Paracynictis  Ischnocera  Trichodectidae Felicola 
      Rhynchogale  Ischnocera  Trichodectidae Felicola 
      Suricata  Ischnocera  Trichodectidae Felicola 
      Galerella  Ischnocera  Trichodectidae Felicola 
   Hyaenidae  Hyaena  Ischnocera  Trichodectidae Felicola 
      Parahyaena  Ischnocera  Trichodectidae Protelicola 




Order   Family   Genus   Louse Suborder Louse Family  Louse Genus 
 
Carnivora  Mustelidae  Aonyx   Ischnocera  Trichodectidae Lutridia 
      Lutra   Ischnocera  Trichodectidae Lutridia 
      Pteronura  Ischnocera  Trichodectidae Lutridia 
      Meles   Ischnocera  Trichodectidae Trichodectes 
      Melogale  Ischnocera  Trichodectidae Trichodectes 
      Mellivora  Ischnocera  Trichodectidae Trichodectes 
      Conepatus  Ischnocera  Trichodectidae Neotrichodectes 
      Mephitis  Ischnocera  Trichodectidae Neotrichodectes 
      Spilogale  Ischnocera  Trichodectidae Neotrichodectes 
      Eira   Ischnocera  Trichodectidae Neotrichodectes 
      Galictis  Ischnocera  Trichodectidae Neotrichodectes 
               Stachiella 
Trichodectes 
      Ictonyx  Ischnocera  Trichodectidae Paratrichodectes 
      Martes   Ischnocera  Trichodectidae Paratrichodectes 
               Stachiella 
      Mustela  Ischnocera  Trichodectidae Trichodectes 
               Stachiella 
      Poecilogale  Ischnocera  Trichodectidae Paratrichodectes 
      Taxidea  Ischnocera  Trichodectidae Neotrichodectes 
   Procyonidae  Potos   Ischnocera  Trichodectidae Trichodectes 
      Bassariscus  Ischnocera  Trichodectidae Neotrichodectes 
      Procyon  Ischnocera  Trichodectidae Trichodectes 
   Viverridae  Cynogale  Ischnocera  Trichodectidae Felicola 
      Nandinia  Ischnocera  Trichodectidae Felicola 
      Paguma  Ischnocera  Trichodectidae Felicola 





Order   Family   Genus   Louse Suborder Louse Family  Louse Genus 
 
Carnivora  Viverridae  Civettictis  Ischnocera  Trichodectidae Felicola 
               Trichodectes 
         Amblycera  Boopiidae  Heterodoxus 
      Genetta  Ischnocera  Trichodectidae Felicola 
               Parafelicola 
         Amblycera  Boopiidae  Heterodoxus 
      Prionodon  Ischnocera  Trichodectidae Felicola 
      Viverra  Ischnocera  Trichodectidae Felicola 
               Parafelicola 
         Amblycera  Boopiidae  Heterodoxus 
      Viverricula  Ischnocera  Trichodectidae Felicola 
 
Perissodactyla  Equidae  Equus   Ischnocera  Trichodectidae Bovicola 
 
Artiodactyla  Suidae   Phacochoerus  Rhynchophthirina Haematomyzidae Haematomyzus 
      Potamochoerus Rhynchophthirina Haematomyzidae Haematomyzus 
   Tayassuidae  Tayassu  Amblycera  Gyropidae  Macrogyropus 
      Pecari   Amblycera  Gyropidae  Macrogyropus 
   Camelidae  Lama   Ischnocera  Trichodectidae Bovicola 
   Tragulidae  Tragulus  Ischnocera  Trichodectidae Damalinia 
   Cervidae  Cervus   Ischnocera  Trichodectidae Bovicola 
               Damalinia 
      Axis   Ischnocera  Trichodectidae Damalinia 
      Dama   Ischnocera  Trichodectidae Bovicola 
      Hydropotes  Ischnocera  Trichodectidae Damalinia 
      Muntiacus  Ischnocera  Trichodectidae Damalinia 





Order   Family   Genus   Louse Suborder Louse Family  Louse Genus 
 
Artiodactyla  Cervidae  Capreolus  Ischnocera  Trichodectidae Damalinia 
      Mazama  Ischnocera  Trichodectidae Tricholipeurus 
      Odocoileus  Ischnocera  Trichodectidae Bovicola 
               Tricholipeurus 
      Ozotoceros  Ischnocera  Trichodectidae Tricholipeurus 
      Rangifer  Ischnocera  Trichodectidae Bovicola 
   Bovidae  Alcelaphus  Ischnocera  Trichodectidae Damalinia 
      Connochaetes  Ischnocera  Trichodectidae Damalinia 
      Damaliscus  Ischnocera  Trichodectidae Damalinia 
      Antidorcas  Ischnocera  Trichodectidae Tricholipeurus 
      Antilope  Ischnocera  Trichodectidae Tricholipeurus 
      Gazella  Ischnocera  Trichodectidae Tricholipeurus 
               Damalinia 
      Madoqua  Ischnocera  Trichodectidae Tricholipeurus 
      Neotragus  Ischnocera  Trichodectidae Tricholipeurus 
      Oreotragus  Ischnocera  Trichodectidae Tricholipeurus 
      Ourebia  Ischnocera  Trichodectidae Tricholipeurus 
      Raphicerus  Ischnocera  Trichodectidae Tricholipeurus 
      Bison   Ischnocera  Trichodectidae Bovicola 
      Bos   Ischnocera  Trichodectidae Bovicola 
      Tragelaphus  Ischnocera  Trichodectidae Damalinia 
Tricholipeurus 
      Taurotragus  Ischnocera  Trichodectidae Damalinia 
      Ammotragus  Ischnocera  Trichodectidae Bovicola 
      Capra   Ischnocera  Trichodectidae Bovicola 
      Hemitragus  Ischnocera  Trichodectidae Bovicola 
      Naemorhedus  Ischnocera  Trichodectidae Damalinia 
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Artiodactyla  Bovidae  Ovis   Ischnocera  Trichodectidae Bovicola 
      Pseudois  Ischnocera  Trichodectidae Bovicola 
      Rupicapra  Ischnocera  Trichodectidae Bovicola 
      Cephalophus  Ischnocera  Trichodectidae Damalinia 
               Tricholipeurus 
      Sylvicapra  Ischnocera  Trichodectidae Damalinia 
               Tricholipeurus 
      Pelea   Ischnocera  Trichodectidae Bovicola 
               Damalinia 
      Aepycerus  Ischnocera  Trichodectidae Tricholipeurus 
      Kobus   Ischnocera  Trichodectidae Bovicola 
               Damalinia 
      Redunca  Ischnocera  Trichodectidae Damalinia 
 
Primates  Lemuridae  Lemur   Ischnocera  Philopteridae  Trichophilopterus 
      Eulemur  Ischnocera  Philopteridae  Trichophilopterus 
   Indridae  Indri   Ischnocera  Philopteridae  Trichophilopterus 
      Propithecus  Ischnocera  Philopteridae  Trichophilopterus 
   Loridae  Nycticebus  Ischnocera  Philopteridae  Felicola 
   Cebidae  Alouatta  Ischnocera  Trichodectidae Cebidicola 
      Aotus   Amblycera  Gyropidae  Aotiella 
      Brachyteles  Ischnocera  Trichodectidae Cebidicola 
 
Rodentia  Erethizontidae  Coendou  Ischnocera  Trichodectidae Eutrichophilus 
      Echinoprocta  Ischnocera  Trichodectidae Eutrichophilus 
      Erethizon  Ischnocera  Trichodectidae Eutrichophilus 
      Sphiggurus  Ischnocera  Trichodectidae Eutrichophilus 
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Rodentia  Chinchillidae  Lagidium  Amblycera  Trimenoponidae Philandesia 
            Gyropidae  Phtheiropois 
  Lagostomus  Amblycera  Trimenoponidae Philandesia 
   Caviidae  Cavia   Amblycera  Trimenoponidae Trimemopon 
      Galea   Amblycera  Gyropidae  Gliricola 
               Macrogyropus 
      Kerodon  Amblycera  Gyropidae  Gyropus 
               Monothoracius 
      Microcavia  Amblycera  Gyropidae  Protogyropus 
      Dolichotis  Amblycera  Trimenoponidae Chinchillophaga 
   Dasyproctidae  Dasyprocta  Amblycera  Gyropidae  Macrogyropus 
      Myoprocta  Amblycera  Gyropidae  Macrogyropus 
               Monothoracius 
   Agoutidae  Agouti   Amblycera  Gyropidae  Macrogyropus 
   Ctenomyidae  Ctenomys  Amblycera  Gyropidae  Gyropus 
               Phtheiropois 
   Octodontidae  Aconaemys  Amblycera  Gyropidae  Gyropus 
      Octodon  Amblycera  Gyropidae  Abrocomophaga 
   Abrocomidae  Abrocoma  Amblycera  Gyropidae  Abrocomophaga 
               Gyropus 
               Phtheiropois 
   Echimyidae  Chaetomys  Ischnocera  Trichodectidae Eutrichophilus 
      Dactylomys  Amblycera  Gyropidae  Gliricola 
      Kannabateomys Amblycera  Gyropidae  Gliricola 
      Diplomys  Amblycera  Gyropidae  Gliricola 
               Gyropus 
      Echimys  Amblycera  Gyropidae  Gliricola 
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Rodentia  Echimyidae  Isothrix  Amblycera  Gyropidae  Gliricola 
               Gyropus 
  Euryzygomatomys Amblycera  Gyropidae  Gliricola 
               Gyropus 
      Hoplomys  Amblycera  Gyropidae  Gliricola 
               Gyropus 
            Trimenoponidae Harrisonia 
               Hoplomyophilus 
      Mesomys  Amblycera  Gyropidae  Gliricola 
      Proechimys  Amblycera  Gyropidae  Gliricola 
               Gyropus 
            Trimenoponidae Harrisonia 
               Hoplomyophilus 
      Thrichomys  Amblycera  Gyropidae  Gyropus 
   Capromyidae  Capromys  Amblycera  Gyropidae  Gliricola 
      Mysateles  Amblycera  Gyropidae  Gliricola 
      Geocapromys  Amblycera  Gyropidae  Gliricola 
   Myocastoridae Myocastor  Amblycera  Gyropidae  Pitrufquenia 
   Geomyidae  Geomys  Ischnocera  Trichodectidae Geomydoecus 
      Orthogeomys  Ischnocera  Trichodectidae Geomydoecus 
      Pappogeomys  Ischnocera  Trichodectidae Geomydoecus 
      Thomomys  Ischnocera  Trichodectidae Geomydoecus 
               Thomomydoecus 
      Zygogeomys  Ischnocera  Trichodectidae Geomydoecus 
   Muridae  Kunsia   Amblycera  Trimenoponidae Cummingsia 
      Scapteromys  Amblycera  Gyropidae  Gyropus 
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Xenarthra  Bradypodidae  Bradypus  Ischnocera  Trichodectidae Neotrichodectes 
   Megalonychidae Choloepus  Ischnocera  Trichodectidae Neotrichodectes 
 
Hyracoidea  Procaviidae  Dendrohyrax  Ischnocera  Trichodectidae Dasyonyx 
               Procavicola 
               Procaviphilus 
      Heterohyrax  Ischnocera  Trichodectidae Dasyonyx 
               Procavicola 
               Procaviphilus 
      Procavia  Ischnocera  Trichodectidae Dasyonyx 
               Procavicola 
               Procaviphilus 
 
Proboscidea  Elephantidae  Elephas  Rhynchophthirina Haematomyzidae Haematomyzus 
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